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Abstract
The focus of this research was twofold, such as development of defect free fabrication
parameters for laser powder bed fusion (LPBF) processing of crack prone or difficult to process
metallic materials, and study of the temperature dependence of emissivity for some commonly
used metal alloy powders in LPBF process. The later objective extends to the implementation of
multiwavelength (MW) pyrometer technology for in situ true surface temperature measurement in
LPBF process. LPBF is an additive manufacturing (AM) process capable of layer-by-layer
manufacturing by successive laser melting of each layer according to CAD data.

AM

manufacturing has the inherent advantages of fabricating optimally designed geometry with least
required material and the shortest lead time that would not be possible all at once by more
conventional manufacturing techniques such as machining, casting, welding, etc. Tendency to
crack during LPBF fabrication of some of the widely used aluminum alloys with large
solidification range, such as AA6061, AA7075, etc. created a bottleneck where AM specific
advantages of these materials important for aerospace and automotive industry could not be
realized. An open architecture LPBF machine AcontyONE (Aconity3D, Aachen, Germany)
enabled with powder bed heating up to 1000 °C was used for fabrication of aluminum 6061 alloy
(AA6061) test coupons, such as cubes and cylindrical tensile specimens in the XY plane. Variation
of processing parameters such as laser power, scanning speed, hatch spacing, layer thickness, and
powder bed heating temperature was carried out to find a combination of parameters that allowed
crack free fabrication of AA6061. The following parameters such as 450 W laser power, 1400
mm/s scan speed, 100 µm layer thickness, 80 to 100 µm hatch spacing, and 500 °C powder bed
heating resulted in crack free specimens as confirmed by visual inspection, optical microscopy,
and tensile testing. In scanning electron microscopy (SEM), coarsening of grains and precipitates
vii

was observed due to high temperature preheating, and a preferential growth in [100] direction was
also evident from X-ray diffraction (XRD) analysis. The heat treated, and as-fabricated tensile
tested specimens showed equivalent ultimate tensile strength and yield strengths when compared
to their wrought counterpart; however, loss in elongation at breakpoint was observed in the LPBF
fabricated specimens. This part of the research showcased the potential of high temperature
powder bed heating for LPBF processing of crack prone metallic materials without the need for
additional preparation of the precursor metal powders.
Unlike the commercial LPBF systems currently in use, the open architecture experimental
LPBF system used in this study had the capability of achieving controlled high temperature at the
powder bed. Whether this high set temperature that proved to deter visible crack formation in
AA6061 fabrication, would be carried throughout the height of a build- required true in situ surface
temperature measurement of the powder bed. Therefore, an important aspect of the current
research was to evaluate the thermal environment of the build area in LPBF process. Changing
emissivity of metallic materials is a major difficulty in evaluation of true temperature during LPBF
processes. The existing in situ monitoring systems relied on single or dual wavelength pyrometers,
raw sensor data, high-speed visual cameras, and infrared (IR) thermography for monitoring and
surface temperature measurements; but, without the emissivity information of the target materials,
these systems output a qualitative measurement of temperature instead of an accurate surface
temperature. The changing emissivity resulting from the non-grey nature of radiation from
metallic materials upsets the assumptions of single and dual-wavelength pyrometry, and thereby,
renders the measurements inaccurate. On the other hand, Multiwavelength (MW) pyrometer
technology would not require any prior information of the target emissivity for accurate
temperature measurement and provided a real-time value of emissivity of the target material by
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analyzing the IR spectra it would receive from the target. During the LPBF process, on a given
layer the precursor powder material in solid state would turn into molten metal tracks after
interaction with laser at selected spots, and finally, consolidate to bulk solid state when the rest of
the powder on the bed would not go through phase change. At least three different metal states
with potentially different emissivity were identified, such as metal powder in solid state, molten
metal tracks, and solidified metal tracks. To measure this emissivity for different materials and
study their variation with temperature, a Whipmix Pro 200 (Whipmix Inc., Louisville, KY) furnace
was modified for optical access to a SpectroPyrometer (FAR Associates, OH, USA) MW
pyrometer system. These emissivity measurements could serve as input for IR thermography for
extending accurate surface temperature measurements capability from a pointwise measurement
using pyrometer to the accurate temperature mapping of an area using the IR thermography. Also,
for demonstrating in situ temperature measurement in LPBF system using MW pyrometry,
processing laser window and the viewing window of the AconityONE system situated on the top
and the front side of the machine, respectively were redesigned and fabricated with the facility of
quartz and ZnSe viewing ports through which a SpectroPyrometer (FAR Associates, Ohio, USA)
MW pyrometer system and a FLIR SC645 IR camera (FLIR Systems, NM, USA) could operate.
Metal powders such as AA6061, AlSi10Mg, Ti-6Al-4V with two different particle size
distributions, and Cu were heated in quartz crucibles inside the modified furnace at different
temperatures. Argon gas at a pressure of 3 psi and 20 cubic-feet-per-hour were introduced to the
heating chamber of the furnace. Despite the use of argon to create inert environment, oxidation of
the metallic materials occurred and essentially the measurements made using this setup reflected
the properties of the oxidized top layer instead of the intended powder material in its pristine form.
However, the effect of powder particle size distribution on emissivity could still be observed as

ix

larger particle size resulted in higher emissivity. Also, two different trends of emissivity changes
were identified for the heating and the cooling portion of the furnace operation. Inserting the setup
inside a glovebox, use of designed inert gas flow path inside the furnace, and use of better sealing
materials for the instrument pass-throughs were recommended for improvement of the
experimental setup for future research. On the other occasion of in situ measurements, the data
obtained by using the MW pyrometer through the modified AconityONE window was affected by
the 1070 nm processing laser since the measuring range of the MW pyrometer was 850 nm to 1650
nm. This problem could be overcome by filtering out the processing laser from the spectra that
reaches the MW pyrometer system. Overall, the application of MW pyrometer technology in
combination with IR thermography could be a viable option for in situ temperature mapping of the
powder bed in LPBF systems.

x

Table of Contents
Acknowledgements ..........................................................................................................................v
Abstract ......................................................................................................................................... vii
Table of Contents ........................................................................................................................... xi
List of Tables ............................................................................................................................... xiv
List of Figures ................................................................................................................................xv
Chapter 1: Introduction ....................................................................................................................1
1.1 Research Motivation ......................................................................................................1
1.2 Thesis Objective.............................................................................................................3
1.3 Project Overview ...........................................................................................................4
1.4 Summary of Results .......................................................................................................6
1.5 Thesis Outline ................................................................................................................9
Chapter 2: Literature Review .........................................................................................................11
2.1 Additive Manufacturing (AM) and Laser Powder Bed Fusion (LPBF) .........................11
2.2 Fabrication of Aluminum 6061 Alloy.............................................................................12
2.3 In situ Monitoring in LPBF: A Necessity .......................................................................17
2.4 Rationale of the current research considering the literature review ...............................37
Chapter 3: Experimental Setup and Methodology .........................................................................40
3.1 AconityONE Experimental LPBF System......................................................................40
3.2 Description of Pyrometer Experiments ...........................................................................45
3.2.1 Materials .............................................................................................................45
3.2.2 Whipmix Pro 200 furnace ...................................................................................46
3.2.3 Modified Whipmix Pro 200 furnace ...................................................................47
3.3 Measuring Devices..........................................................................................................53
3.3.1 Multi-wavelength or Spectro-Pyrometer ............................................................53
3.3.2 Thermocouple Data Acquisition System ............................................................55
3.4 In Situ Off Line Monitoring Windows ...........................................................................56
3.5 Pyrometer Data Analysis ................................................................................................59

xi

Chapter 4: Pyrometry .....................................................................................................................62
4.1 Necessity of Non-contact Temperature Measurement in Additive Manufacturing ........62
4.2 Introduction to Pyrometry ...............................................................................................63
4.3 Manually Operated Pyrometers ......................................................................................66
4.3.1 Disappearing Filament Pyrometer ......................................................................66
4.3.2 Two-color Pyrometers ........................................................................................69
4.4 Automatic Pyrometers ....................................................................................................71
4.4.1 Single Wavelength Pyrometers ...........................................................................71
4.4.2 Dual Wavelength Pyrometers .............................................................................72
4.4.3. Multi Wavelength Pyrometers ...........................................................................74
4.4.4 Time Resolution of Different Ratio Pyrometers ..........................................................75
4.5 Automatic Pyrometers Components ...............................................................................76
4.5.1 Transmission Optics............................................................................................76
4.5.2 Infrared Radiation (IR) Detectors .......................................................................79
4.5.2 (i) Thermal Detectors .................................................................................80
4.5.2 (ii) Photon Sensitive Quantum Detectors/Photodetectors/Photodiodes .....82
4.5.3 Detectivity of Photodetectors ..............................................................................85
4.6 Wavelength Splitting/ Multiplexing ...............................................................................87
4.7 Challenges in Pyrometric Measurements of Metals .......................................................92
4.7.1 Challenge with Changing Emissivity..................................................................92
4.7.2 Dependence of Emissivity on Angle of View.....................................................92
4.7.3 Error Associated with Longer Wavelength.........................................................93
4.7.4 Selecting the Right Fiber Optic...........................................................................94
Chapter 5: Published Work – Crack-Free Aluminum 6061 Fabrication Demonstration...............96
5.1 Title, Authors, and Affiliations .......................................................................................96
5.2 Abstract ...........................................................................................................................96
5.3 Methodology ...................................................................................................................97
5.3.1 Materials .............................................................................................................97
5.3.2 LPBF Fabrication Process ................................................................................100
5.3.3 Material Characterization..................................................................................104
5.3.4 Mechanical Properties .......................................................................................106
5.3.4 (i) Microhardness .....................................................................................106
xii

5.3.4 (ii) Tensile Properties ...............................................................................107
5.4 Results and Discussion .................................................................................................108
5.4.1 Density ..............................................................................................................108
5.4.2 Mechanical Properties .......................................................................................109
5.4.2 (i) Microhardness .....................................................................................109
5.4.2 (ii) Tensile Properties ...............................................................................110
5.4.3 Microstructure ...................................................................................................111
5.4.3 (i) Optical Microscopy .............................................................................111
5.4.3 (ii) XRD ...................................................................................................117
5.5 Conclusion ....................................................................................................................119
Chapter 6: Results ........................................................................................................................121
6.1 Materials Under Study ..................................................................................................122
6.2 Comparison of Measured Temperatures .......................................................................127
6.3 Demonstration of Temperature Calculation Using Intensity Data ...............................129
6.3.1 Understanding the .dat File ...............................................................................130
6.3.2 Calculation of Temperature ..............................................................................131
6.4 Emissivity Measurements of Different Powder Materials and Comparison ................134
6.5 Results from in situ monitoring of AconityONE ..........................................................139
Chapter 7: Conclusions and Recommendations ..........................................................................141
7.1 Conclusions ...................................................................................................................141
7.2 Recommendations for Future Work..............................................................................142
7.2.1 Use of High Temperature Powder Bed Heating ...............................................142
7.2.2 Oxidation Problem ............................................................................................143
7.2.3 Establishing Temperature Mapping of Build Area in LPBF Process ...............145
7.2.4 Removal of Laser Line from MW Pyrometer ...................................................146
References ....................................................................................................................................147
Appendix A Data on AA6061 Parameter Development ..............................................................164
Appendix B Pyrometer Measurements and Calculations ............................................................176
Appendix C Permission to Reuse Published Article in Chapter 5 ...............................................180
Vita 184
xiii

List of Tables
Table 3.1: Common file preparation parameters [55] ................................................................... 41
Table 3.2 Supplier provided specification of the metal powders under study .............................. 46
Table 4.1 Time resolution of different ratio pyrometers............................................................... 75
Table 4.2 Comparison of IR detector types (Rogalski et al [85].)................................................ 79
Table 5.1 Range of LPBF parameters explored to find the crack-free parameter combination . 101
Table 5. 2 Microhardness values of LPBF fabricated AA6061 components under different
conditions .................................................................................................................................... 109
Table 5.3 Comparison of mechanical properties of LPBF fabricated AA6061 and wrought
annealed AA6061 for both annealed and T6 heat treated conditions ......................................... 110
Table 6.1 Material and operating condition. A ramp of 10 ºC/min was used in all cases to heat up
the material to the maximum temperature .................................................................................. 127
Table 6.2 Raw intensity data file i.e. .dat file obtained from the MW pyrometer after annotations
..................................................................................................................................................... 131
Table 6.3 Schematic matrix of calculated ratio temperatures using equation 6.1 ...................... 132
Table 6.4 Calculated ratio temperatures using equation 6.1 from data file ‘Temp6188.dat’ ..... 132

xiv

List of Figures
Figure 2.1 Flowchart showing typical workflow during LPBF AM fabrication .......................... 12
Figure 2.2 Marangoni number greater than 105 result is turbulent and therefore more unstable melt
pool as shown by Mukharjee et el.[38] ......................................................................................... 18
Figure 2.3 In line monitoring set up consisting of high-speed camera and photodiode sensor shown
by Berumen et el. [41] .................................................................................................................. 20
Figure 2.4 (a) gray scale image of the data obtained from the in-line high speed camera showing
the dimensions of the melt pool in x and y direction (b) photodiode detected intensity of the light
emitted from melt pool; increased intensity around layer 2000, 2600, and 3000 correspond to
process error where larger amount of powder was deposited due to un-synced movement of the
build platform [41] ........................................................................................................................ 21
Figure 2.5 (a) block diagram of the different optical component required for the in-line melt-pool
imaging setup invented by Lott et al.[42] (b) actual setup with an image of the melt pool and
surrounding area with a 5 mm x 5 mm field of view .................................................................... 22
Figure 2.6 (a) Illustration of mapping algorithm used by Clijsters et al.[43] On the left is are the
intensity values obtained by the photodiodes and corresponding grey scale values. Grey scale
values were plotted in a rectangular grid as shown on the right side of image. Mapping of only a
single vector is shown; when all the vectors in a layer is mapped, a grey value representation of
the entire layer could be obtained. If multiple points corresponded to a single grid, the average of
those intensities were considered for that grid (b) Porosity corresponding to high laser power and
corresponding larger melt pool as detected by the proposed monitoring system ......................... 25
Figure 2.7 Image obtained from the visual observation system developed by Debenskaia et al. [44]
where the effect of single and double scanning of the same layer is visible by difference in visual
xv

contrast. The layer that had been scanned once, appeared darker in the visual observation system
....................................................................................................................................................... 26
Figure 2.8 Signals from the pyrometer in arbitrary units showing the effect of change in hatch
spacing on temperature as observed by Debenskaia et al. [44] Curves 1 through 6 represents builds
with different hatch spacings when all the other scanning parameters were kept unchanged. Curve
1 represents the build with 1 mm hatch spacing and 6 represents a build with 70 µm layer hatch
spacing. Layer temperature with smaller hatch spacing was considerably higher because of the
higher energy input within the same area in the latter case .......................................................... 27
Figure 2.9 (a) the effect of laser power on the maximum temperature of laser and powder
interaction zone as reported by Furumoto et al. [45]. However, caution should be maintained
before considering the temperatures as true surface temperature since the effect of emissivity could
was not considered. Also, the measured area was greater than the process interaction zone
Temperature of the substrate plate was also captured (b) shows the scheme of temperature
calculation from the signals of the photodiode detectors. Rise in signal levels in the detectors
reflect the moment of laser irradiation and corresponding increase in temperature ..................... 29
Figure 2.10 Set up devised by Furumoto et al.[48] for investigating the consolidation behavior of
metal powder upon laser irradiation ............................................................................................. 30
Figure 2.11 The change of temperature of the melt area with change in energy density during the
melting of stainless steel powder by laser irradiation as reported by Furumoto et al.[48]. Caution
should be maintained before considering the reported temperature as the true surface temperature
since this study did not consider the effect of emissivity change as a function of temperature ... 31
Figure 2.13 Zavalov et al. [49] reported brightness temperature and corresponding signal intensity
are shown for channels 1, 3, and 5 i.e. 0, 0.6, and 1.2 mm away from the laser and powder bed

xvi

interaction zone. Curves in black denote brightness temperatures, the colored graphs denote
intensity values at the channel 1 (red), channel 2 (green), and channel 3 (blue) .......................... 33
Figure 2.14 (a) Plots of normalized histogram of line to continuum ratio occurring at different
disks i.e. different processing conditions (b) percent void, a measure of porosity at different
processing conditions (c) Experimental set up used by Nassar et al.[53] .................................... 36
Figure 3.1 (a) and (b) depict different build file preparation parameters [55] .............................. 42
Figure 3.2 A uniform power density could be ensured by introducing a moving lens to consistently
adjust the beam focus and hence spot diameter. (a) Moving lens is kept static to depict that the
focal plane could curve out of build surface (b) Movement of the lens ensures dynamic focus
change and therefore, uniform power distribution throughout the build area. [56] ...................... 43
Figure 3.3 Image showing measurements made on a single layer scanning of four 10 x 10 x 10 mm
cubes on the build platform using one of the 100 kHz pyrometers. AlSi10Mg powder was used
for the fabrication. The color-coded bar shows the mV readings from the thermocouple detector
that was used to create the pseudo-temperature plots. .................................................................. 44
Figure 3.4 Single and dual stage operation of the Whipmix Pro 200 furnace .............................. 47
Figure 3.5 Cross section of the modified Whipmix Pro 200 furnace ........................................... 48
Figure 3.6 Modified Whipmix Pro 200 furnace with pyrometer assembly .................................. 49
Figure 3.7 A top view of part of the modifications made to the Whipmix Pro 200 furnace. The
modified top window of the furnace is shown in the picture and a closer view is presented in the
inset ............................................................................................................................................... 50
Figure 3.8 Picture of the interior of the modified furnace. Heating coil, the quartz viewing port for
providing optical access to the MW pyrometer and the thermocouples are visible ..................... 51

xvii

Figure 3.9 To maintain inert gas atmosphere inside the furnace argon was continuously introduced
inside the furnace chamber. Before purging with argon, the chamber would be vacuumed at 200
ºC................................................................................................................................................... 52
Figure 3.10 Different components of the FMPI SpectroPyrometer (FAR Associate, OH, USA)
MW pyrometer system .................................................................................................................. 54
Figure 3.11 Different components of the thermocouple data acquisition system used in the current
study .............................................................................................................................................. 55
Figure 3.12 The top window of AconityONE after modification to incorporate MW pyrometer and
an IR camera for in situ monitoring of the build. The original laser window of the AconityONE
machine was replaced with this modified window ....................................................................... 56
Figure 3.13 CAD model of the modified top window with the laser enclosure bottom part of which
was made transparent (only in CAD model) for better visual. The transparent laser enclosure gives
visual to the reduce size laser processing window........................................................................ 57
Figure 3.10 In situ monitoring setup including MW pyrometer mounted to the side window of
AconityONE machine. The spectro-pyrometer box contains the means for dividing the incoming
radiation in with a spectral resolution of close to 1 nm ................................................................ 58
Figure 3.15 An inclusive CAD of in situ monitoring set up where both the front and top monitoring
windows are shown. The components were identified in the previous Figures .......................... 59
Figure 4.1 Electromagnetic spectrum showing the visible and IR radiation ranges that are usually
utilized in pyrometry [61] ............................................................................................................ 64
Figure 4.2 Classification of pyrometers based on spectral response and method of operation [62]
....................................................................................................................................................... 65
Figure 4.3 Main components of an automatic pyrometer ............................................................. 71

xviii

Figure 4.4 Schematic of a two-wavelength pyrometer circuit [68] .............................................. 72
Figure 4.5 (a) Blackbody radiation characteristics based on temperature. (b) Transmittance of
typical IR window [62] ................................................................................................................. 77
Figure 4.6 l/d designation of lenses used in pyrometry ................................................................ 78
Figure 4.7 Basic construction of a micro-bolometer (Wikipedia) ................................................ 81
Figure 4.8 (a) Pulse type detection system schematic (b) a typical signal as detected in a pulsebased system [91].......................................................................................................................... 83
Figure 4.9 Spectral response of photovoltaic (PV) detectors made of MCT structures with and
without cooling [96]...................................................................................................................... 86
Figure 4.10 Comparison of directivity between HgCdTe or MCT and GaAs/AlGaAs based QWIPs
photodetectors [998] ..................................................................................................................... 87
Figure 4.11 (a) bandpass filters (b) notch filters (c) short-pass filters (d) long-pass filters [100] 88
Figure 4.12 Schematic representation of a dichroic mirror placed at 45° with the incoming radiation
[100] .............................................................................................................................................. 89
Figure 4.13 Schematic of an arrayed waveguide grating in demultiplexing (splitting a spectral
signal into discrete bands) [103] ................................................................................................... 91
Figure 4.14 Long wavelength could result in peak broadening and subsequent inaccurate output of
temperature [91] ............................................................................................................................ 94
Figure 4.15 Basic construction of a fiber optic cable with cladding to provide total internal
reflection of the light signal that falls within angle of acceptance [106] ...................................... 95
Figure 5.1 (a) SEM images of AA6061 gas atomized powder. Powder particles were spherical, and
semi-spherical with satellites. Some irregular shaped powder was also observed ....................... 99
Figure 5.1 (b) Histogram of AA6061 powder size distribution .................................................. 100

xix

Figure 5. 2 (a) Scan-head of the AconityONE system consisting of the Galvo mirrors and f-θ lens.
The optical fiber receives the 1030 nm wavelength, near infrared laser from the laser module where
Nd:YAG crystals were used for solid state amplification. The scan-head is capable of rastering
over an area of 400 mm in diameter. However, during heated bed configuration a reduced scan
area with 200 mm in diameter is covered. .................................................................................. 101
Figure 5.2 (b) A schematic representation of the AconityONE LPBF system used for the study. (i)
Solid state Nd:YAG laser of 1030nm wavelength and 1kW capacity and an induction heater (not
shown in figure) underneath the build platform that can raise the powder bed temperature to
1000ºC are featured. (ii) The re-coater brush is made of carbon fiber to impart flexibility and high
heat resistance. ............................................................................................................................ 103
Figure 5.3 Relative density of AA6061 cube coupons fabricated using different laser power and
scanning speed with and without heating of the powder bed ..................................................... 108
Figure 5.4 Microstructure of AA6061 specimens fabricated on unheated powder bed. Figure 5.4
(a) and (b) illustrate the XY plane (perpendicular to build direction). Figure 5.4 (c) and (d) show
the ZX plane (build direction). Cracks, porosity, melt-pool, and melt-track banding are evident in
the microstructure ....................................................................................................................... 112
Figure 5.5 Microstructure of AA6061 specimens fabricated on powder bed heated to 500 °C.
Figure 5.5 (a) and (b) illustrate the XY plane (perpendicular to build direction). Figure 5.5 (c) and
(d) show the ZX plane (build direction). Cracks, porosity, melt pool, and melt-track banding
removed from the microstructure, and a columnar grain growth is observed in the build direction
..................................................................................................................................................... 113

xx

Figure 5.6 SEM (a) and STEM (b) images of primarily Al-Si-O noncoherent precipitates shown in
Figure 5.5. The same area is imaged in (a) and (b) and the magnification for both is given in (a).
..................................................................................................................................................... 115
Figure 5.7 Representative stress-strain diagram of LPBF fabricated AA6061 specimens as
fabricated and T6 heat treated. Figure 5.7(b) Solid cylinders built in X direction and still on build
plate; tensile specimens were machined out of these cylinders. Figure 5.7(c) LPBF fabricated
AA6061 tensile testing specimen after fractured ........................................................................ 116
Figure 5.8 XRD spectra for AA6061 fabricated with and without heating of the powder bed (a)
and (b) show XRD spectra in unheated XY and ZX reference planes. (c) and (d) show XRD spectra
in heated XY and ZX reference plane......................................................................................... 118
Figure 6.1 (a) Particle size distribution of Cu powder (b) SEM image of the Cu powder used for
the current study showing spherical powder with a lot of satellites and irregular shape powder123
Figure 6.2 (a) Particle size distribution of Ti-6Al-4V powder of EBM grade (b) SEM image of the
Ti-6Al-4V powder of EBM grade used for the current study showing spherical powder .......... 125
Figure 6.3 (a) Particle size distribution of Ti-6Al-4V powder of LPBF grade (b) SEM image of the
Ti-6Al-4V powder of LPBF grade used for the current study showing mostly spherical powder
with occasional satellite .............................................................................................................. 126
Figure 6.4 Comparison of temperature measured by the pyrometer and the thermocouple when
EBM grade Ti-6Al-4V was heated up to 950 °C Figure 6.4 (a) and (b) demonstrates the comparison
during heating up and cooling down, respectively ..................................................................... 128
Figure 6.5 Comparison of measured temperature, that was obtained as an output from the MW
pyrometer, with the temperature calculated by algorithm applied by the author ....................... 129

xxi

Figure 6.6 Change of emissivity with temperature during the heating of Ti-6Al-4V. Two different
particle sizes, i.e. EPBF and LPBF grade powders were tested and compared .......................... 135
Figure 6.7 Change of emissivity with temperature during the cooling of Ti-6Al-4V. Two different
particle sizes, i.e. EBM and LPBF grade Ti-6Al-4V powders and EBM powder with a different
material i.e. copper powder were tested and compared .............................................................. 136
Figure 6.8 Change of emissivity with temperature during the heating of Ti-6Al-4V. Two different
particle sizes, i.e. EBM and LPBF grade Ti-6Al-4V powders and a EBM powder with a different
material i.e. copper powder were tested and compared .............................................................. 137
Figure 6.9 Comparison of emissivity of AA6061 and AlSi10Mg when cooled down from 650 °C
to 350 °C ..................................................................................................................................... 138
Figure 6.10 The two most typical data files obtained during the in situ MW pyrometer
measurement in AconityONE machine. The corresponding temperature outputs were given
underneath the intensity graphs where high value of tolerance for the measurement affected with
processing laser indicates lack of accuracy. The other measurement however captured the accurate
surface temperature measured on a powder layer atop the pre-heated build plate ..................... 139
Figure 7.1 Laser-powder interaction occurs in zone 1. Zone 1, 2,3, and 4 could be different in
phase and temperature and therefore differ in emissivity. To truly map the build area using an IR
camera would require emissivity feedback from the MW pyrometer array ............................... 145

xxii

Chapter 1: Introduction
1.1 Research Motivation
Additive manufacturing (AM) is a freeform fabrication technology where end user parts
are manufactured directly from the 3D models created using computer aided design (CAD)
software. The requirement for part specific tooling and multiple manufacturing steps involved in
the conventional manufacturing processes that account for a long lead time and added costs, could
be avoided in AM technologies. For example, the production of a gas turbine blade require four
main process steps such as casting, forging, different types or machining, and coating along an
array of sub-processing steps [1]. On the other hand, a single step process of manufacturing similar
turbine blade directly from CAD was experimentally shown by Fabrizia et al. [2]. This is only a
single example of cost effectiveness realized by AM processes. Among the different AM
technologies, laser powder bed fusion (LPBF) is used for manufacturing of metal parts by selective
melting of thin layer of metal powders spread on a solid surface for the first layer and on the
previous consolidated surfaces for the subsequent layers.
One of the restricting factors that inhibits the realization of metal AM advantages on an
industrial scale is the lack of developed processing parameters for the range of metal alloys used
across different industries, such as aerospace, automotive, biomedical, etc. Despite being one of
the most widely used aluminum alloys for the automotive and aerospace industries, aluminum
6061 alloy (AA6061) processing parameters have not been developed for fabrication using LPBF
AM process due to crack formation [3] [4] [5]. Such a shortcoming deterred the application of
LPBF in fabrication of AA6061 and resulting advantages of the process. Also, there are alloys
such as AA7075 and AA2024 with cooling characteristics like AA6061 that could not be processed
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using LPBF due to cracking. Development of processing conditions and parameters for such alloys
could be of benefit to the industry. It could be hypothesized that a high thermal gradient resulting
from the nature of LPBF process and a large solidification range typical of AA6061 might result
in high strain in the melt pool. Such strain, when reached a critical stage, could result in crack
formation following the route proposed by Pellini [6] for welding cracks. Use of preheating has
been demonstrated for crack free fabrication of M2 high speed steel (HSS) tools [7]. Therefore,
in this research, application of powder bed heating was used to explore the crack free fabrication
of AA6061.
In the course of the research on AA6061 fabrication, the necessity of understanding and
quantifying how the powder bed preheating affected the thermal environment that resulted in
observable crack-free LPBF fabrication of AA6061. This requirement called for accurate in situ
measurement of temperature. Accurate measurement of temperature in LPBF could also be vital
for process standardization and qualification, quality control of the products, establishing feedback
monitoring control systems for automatic correction of defects, etc. It was found from the
literature review that the state-of-the-art in measurement of in situ true surface temperature lacked
in methods and instrumentation.

Most of the current approaches in surface temperature

measurement relied on merely providing the sensor data that could be best labelled as pseudo
temperature measurement. Everchanging emissivity of metallic materials rendered accurate
temperature measurement a difficult task. In addition, at any given time in a LPBF process when
the processing laser operates, there coexists at least three different material states; namely, metal
powder in solid state, molten metal tracks, and solidified metal tracks, each with a different
emissivity. Existing in situ monitoring techniques that deals with temperature measurement could
be categorized as (i) in-line with laser, (ii) a fixed-point temperature measurement on the powder

2

bed and (iii) infrared (IR) thermography of the total build area, a more detailed discussion of which
could be found in Chapter 2. None of the approaches mentioned above considered the variation
of emissivity and therefore, could not provide accurate temperature. One of the overlooked
temperature measurement techniques in these studies was the multiwavelength (MW) pyrometry.
MW pyrometers would not require a target emissivity input; in fact, the MW pyrometers measured
absolute temperature by analyzing the spectral data obtained from the target and gave output a
target emissivity value in the process. Therefore, in the current research, MW pyrometer was
considered for in situ temperature measurement of LPBF process. However, considering the
distinct material states present during the LPBF processes, two different setups were used for the
study of thermal environment; one, a modified furnace inside which precursor powder were
studied at different elevated temperatures, and the other, modified machine windows through
which surface temperature measurements at a single point was enabled. For the latter case, the
measured single point would undergo all the three material states discussed above and the
corresponding temperature values would be captured.
Considering the industrial pull for parameter development of high strength aluminum
alloys and control of build environment for quality assurance, high temperature powder bed
heating during LPBF fabrication and accurate in situ temperature measurements could be deemed
valuable. Thus, the ideas discussed, methods proposed, and preliminary results and setups
presented during this thesis, drew motivation from the real life LPBF AM problems.
1.2 Thesis Objective
The overarching objective of this research project was to more completely understand the
effect of powder bed heating during the fabrication of crack prone aluminum alloys using LPBF
AM technology and demonstrate crack free fabrication of AA6061 using the same technology. In
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the process of this investigation, the question of measuring the accurate surface temperature of the
powder bed and the solid part during the fabrication process became prominent and transpired to
an independent research objective. The main objectives of the current thesis could be captured in
the following statements,
1) Development of processing parameters for the crack free LPBF fabrication of AA6061
2) Study the effect of powder bed heating on the fabrication of AA6061
3) Design and fabrication of in situ monitoring setup for AconityONE
4) Determination of temperature dependence of emissivity of metal powders with
different compositions, and particle sizes
5) Develop and demonstrate an algorithm to calculate temperature from spectral
intensities
This project is still a work in progress with the goal of developing fully equipped LPBF system
with detailed monitoring and control of the build. Such equipment would be necessary for
furthering the capability of metal additive manufacturing of difficult to process metal alloys. Part
qualification and standardization of the production line could be realized in a more scientific
manner with the application of process monitoring and control.
1.3 Project Overview
In view of the thesis objectives, this project involved the development of crack free LPBF
manufacturing parameters of AA6061, and design and fabrication of in situ monitoring set up for
determining accurate surface temperature of the part under fabrication.

Open architecture

experimental LPBF system AconityOne (Aconity3D, Aachen, Germany) was employed for the
experimentation due to its heating capability of the powder bed up to a 1000 °C using an induction
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heater, and laser power up to 1 kW. Given the high laser reflectivity and high thermal conductivity
of AA6061, the use of powder bed heating and high laser power became worthwhile.
Different LPBF parameters, such as laser power, scanning speed, hatch spacing, layer
thickness, powder bed temperature, etc. were varied in a series of experiments to identify the set
of parameters that would result in observable crack-free fabrication of AA6061.

Optical

microscopy (OM), scanning electron microscopy (SEM), and X-ray diffraction (XRD) techniques
were applied to investigate the presence of cracks or absence thereof.

To determine the

applicability of the developed parameters in fabrication of end user parts, tensile testing specimens
were built, heat treated and tested.
Another major focus of the project was to develop, test, and recommend in situ monitoring
systems primarily for accurate surface temperature measurements. To achieve this, the top and
side windows of the AconityONE machine were modified to incorporate viewing ports made of
quartz and zinc selenide (ZnSe).

The quartz window provided optical access for

SpectroPyrometer, and the ZnSe worked as a viewing port for the IR thermography. To ensure
laser safety through the modified windows, custom laser enclosures were 3D printed using nylon.
These monitoring windows were in situ but off-line i.e. only a single perspective measurement
would be possible since the pyrometer and IR camera would remain fixed on a single axis.
Another in situ monitoring set up consisting of two 100 kHz single wavelength pyrometer
and a 5 kHz CMOS camera was installed in the AconityONE system. These pyrometers and highspeed camera were in-line with laser that would capture the route of laser pointwise and provided
highly dynamic images of the melt track. Due to the lack in knowledge of emissivity, the
highspeed single wavelength pyrometers would only provide a qualitative measurement of
temperature by means of the signal value of the detectors in mV unit.
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Multi wavelength (MW) pyrometry technique require no prior information of the target
emissivity to yield accurate surface temperature, and in fact, provides emissivity values of the
target object as an output. In the current project, three different approaches were adopted during
the experimentation with a SpectroPyrometer (FAR Associates, OH, USA) MW pyrometer
system. Such as, the MW pyrometer was used for- (i) off-line in situ measurements of the builds,
(ii) in situ build temperature measurement in-line with laser, however without much success, and
(iii) emissivity measurement of different meatal powders inside a modified furnace Whipmix Pro
200 (Whipmix Inc., Louisville, KY).
With a view to profiling the emissivity of different metal powders, such as Cu, AlSi10Mg,
Ti6Al4V, etc. through a range of temperatures, these powders were heated inside a modified
Whipmix Pro 200 (Whipmix Inc., Louisville, KY) furnace. The furnace top was modified to
incorporate a quartz window for MW IR thermometry, and a compression sealed port for including
a thermocouple. The furnace had a capacity of heating up to 1200 °C. The tests were performed
under argon atmosphere.
1.4 Summary of Results
Fabrication of AA6061 alloy without any observable crack formation was demonstrated
using powder bed heating in an open architecture LPBF system AconityONE. Parameters such as
laser power, scanning speed, hatch spacing, and layer thickness were changed to achieve
observable crack free fabrication. As shown in the microstructural images Figure 5.4 in Chapter
5, mud-like cracking was observed in both- the build direction and perpendicular to build direction
for the cube specimens produced without powder bed heating. On the other hand, as depicted in
Figure 5.5 in the same chapter, the microstructural images corresponding to the cube specimens
produced with powder bed heating showed no visible cracks. Amount of porosity also decreased
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markedly, and more notably, the melt-pool banding which is a typical microstructural feature of
LPBF processes was eliminated with a supposed positive impact on mechanical properties. Semilunar and longitudinally overlaid melt-pool bandings usually delineated the heat affected zones
resulting from the melt tracks created by the travelling laser beam. Absence of such as melt-pool
banding when high temperature powder bed heating was used, indicated reduction of heat affected
zone from the fabricated parts as well was removing cracks.
A highest relative density of 98.7% was measured for the cubic coupons produced with
powder bed heating at 500 ºC. The relative density of the cube coupons fabricated without powder
bed heating was generally at the lower end of 90%. The density comparison clearly indicated an
advantage of using high temperature powder bed heating for AA6061 LPBF fabrication.
Mechanical testing was performed on cylindrical tensile specimens of AA6061fabricated
using laser powder bed fusion (LPBF) process. These specimens were fabricated using the highest
density parameters obtained from the parameter development study with the cube coupons. All
the tested tensile specimens were produced on heated powder bed since the tensile specimens
produced without powder bed heating lacked so much in properties that they could not be cut-off
from the build plate without being broken. Such fragility of larger AA6061 components compared
to cube specimens, indicated the value of using of powder bed heating for LPBF processing of
alloys such as AA6061. Out of the four specimens produced with powder bed heating, two were
heat treated and two were tested in as-fabricated condition. The two heat treated specimens
showed ultimate tensile strength (UTS) of 308 and 318 MPa that were comparable to the T6 heat
treated wrought AA6061 with UTS of 310 MPa. The as-fabricated specimens showed UTS of 133
and 141 MPa that were comparable to annealed wrought AA6061 with UTS of 124 MPa. A
reduced elongation at breakpoint was observed for the LPBF fabricated specimens indicating loss
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of ductility during AM fabrication. Coarsening of grains and precipitates were observed due to
high temperature powder bed heating.
The setups with the modified furnace for studying powder emissivity at different elevated
temperature and the modified process monitoring windows on AconityONE resulted in some
noteworthy observations. In the modified Whipmix Pro 200 (Whipmix Inc., Louisville, KY)
furnace, several commonly used metal alloy powders in powder bed fusion AM technology, such
as Ti-6Al-4V powder with two different particle size distributions, AlSi10Mg, AA6061, and
unalloyed copper (Cu) powder were heated up to 950 ºC contained in quartz crucible and argon
environment. The MW pyrometer measured the temperature and corresponding emissivity. The
highest temperature achieved was limited by the furnace’s capacity. From the visual inspection of
the powders retrieved from the furnace, oxidation of the Ti-6Al-4V and Cu powders were evident
from the change in colors. Since the Al based alloys did not have any transition metal in substantial
quantity, they would not undergo any notable discoloration; however, the trend of emissivity value
which reached a plateau after a certain temperature for all the materials indicated possible
oxidation. Regardless of oxidation, the effect of powder particle size distribution on emissivity
was determined; it was shown from experimental data that the larger metal particles demonstrated
more emissivity. Also, powder materials with more surface irregularity showed higher emissivity.
Also, the observations showed the importance of pointed research to find out correlation between
the allowable oxygen level in the process chamber for different alloys in high temperature LPBF
process since there existed a higher chance of oxidation at elevated temperature which might
jeopardize the build quality and reuse of the material.
The setup for in situ monitoring in AconityONE involved modification of the machine’s
top window through which the processing laser operated, and the frontside window originally
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meant for general viewing. Both windows were redesigned to hold quartz and ZnSe ports.
Brackets and slotted arms ensured the installation of the MW pyrometer lens with the facility of
adjustments for the location and the change of focus of the measuring spot. The IR thermography
could be introduced through these modified monitoring windows but remained beyond the scope
of current work. The in situ measurements showed that the set powder bed temperature was carried
to the top surface of the build. However, when the processing laser was operated, the pyrometer
measurements were adversely affected due to the detection of the 1070 nm of the processing laser
since that wavelength was within the measuring wavelength range of the MW pyrometer. The
MW pyrometer gathered spectral data within the wavelength range of 850 nm to 1650 nm. To
avoid the detection of the processing laser, a filter could be used for blocking away any wavelength
within 30 nm of the 1070 nm from reaching the MW pyrometer lens.

1.5 Thesis Outline
The following chapters contain literature reviews, description of experimentations,
methodology for analysis, results, and recommendations for future research that the author thought
could lead to useful findings for the additive manufacturing community. Chapter 2 contains a brief
overview of AM technology and LPBF process followed by a review of LPBF fabrication of
AA6061. Review of in situ monitoring of LPBF process consisting of pyrometers, infrared (IR)
thermography, high speed videography, photography, and X-rays is also in Chapter 2. In Chapter
3, descriptions of the experimental setup including a discussion on AconityONE LPBF system,
modification of a dental furnace, and modified windows for in situ monitoring in AconityONE is
discussed.

Chapter 4 includes discussion on pyrometric measurement principles, different

hardware requirement for pyrometer construction and challenges associated with temperature
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measurements using pyrometers, particularly that of metallic materials. Chapter 5 contains the
published work with LPBF fabrication of AA6061. Different sections of the published articles,
such as abstract, methodology, results, etc. are included as sub section of Chapter 5. Literature
review on LPBF fabrication of AA6061 was included in Chapter 2 after being adopted from the
introduction section of the published journal article. The result section of the current document
included as Chapter 6 contains result from mostly the temperature and emissivity study of the
metallic powder materials and some in situ monitoring data from AconityONE. Finally, Chapter
7 contains the conclusions drawn from the study and recommendation for future research to
improve the method of in situ temperature monitoring in LPBF process. A schematic of a setup
that could achieve the accurate temperature mapping of the total build area in combination with
multiple MW pyrometers and high-speed IR thermography was proposed. In situ accurate
temperature measurement would assist in achieving improved build quality, automatic control of
the LPBF process and standardization of the technology for greater acceptance in a more diverse
and mission critical manufacturing industries. The appendix section of the current document
provides additional data from different experiments and MATLAB® scripts used for the analysis
of the data.
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Chapter 2: Literature Review
2.1 Additive Manufacturing (AM) and Laser Powder Bed Fusion (LPBF)
Additive manufacturing (AM) is defined as a layer-upon-layer material joining process as
opposed to subtractive material manufacturing methodologies. Other names for the technology
include: additive fabrication, additive processes, additive techniques, additive layer
manufacturing, layer manufacturing, and freeform fabrication according to ASTM standards [8].
Manufacturing industry has historically relied on different subtractive techniques and
complementing shaping and forming techniques for part productions.

Due to high design

flexibility, lower material usage, shorter lead times, and other industry specific advantages, there
has been a rapid expansion of AM, and so far seven different process categories of AM
technologies have been identified by ISO/ASTM 52900:2015-standards [9]. Originally developed
around polymeric materials, waxes, and paper laminates- AM’s latest focusing area has been
metals and ceramics [10].
In AM, a 3D model, designed using any CAD software, is sliced into required thickness
using data processing software specific to the AM technology to be used for fabrication. In
material extrusion process, which is a widely used AM technology for polymeric materials, stock
materials in the form of wires or pellets are fed through an extruder hot enough to melt and
maintain a continuous flow of material at the tip. The extruder head moves on the build plane
according to the contour and infill of that slice and is raised by an amount equal to the layer
thickness set during the data preparation. Vat polymerization is another AM technology meant for
photo sensitive resins. This category of AM technology works according to the principle of
selective curing of the resin vat by means of a laser source of specified wavelength. The general
terminology for AM techniques that use powder materials spread on a build plate where high
11

energy laser or electron beam interacts with it is known as powder bed fusion (PBF) technologies.
For PBF processes concerning polymeric materials, only sintering is achieved instead of full
melting of the powder bed. ‘Sintering’ could be understood as the heating of the material without
liquefaction whereas in ‘melting’ processes liquefaction occurs.
The two AM technologies that work for metallic materials are laser powder bed fusion
(LPBF) and electron powder bed fusion (EPBF). A typical workflow of the LPBF AM process is
shown in Figure 2.1.

Figure 2.1 Flowchart showing typical workflow during LPBF AM fabrication

2.2 Fabrication of Aluminum 6061 Alloy
The following section was adopted from the author’s published journal article entitled:
Processing and characterization of crack-free aluminum 6061 using high-temperature heating in
laser powder bed fusion additive manufacturing [11]. Permission of reuse of the article was
acquired from Elsevier and relevant correspondence with the publisher was given in Appendix C.
12

Aluminum alloy (AA) 6061 is a heat-treatable alloy with silicon (Si) and magnesium (Mg)
as its major alloying elements. AA6061 is widely used in the aerospace and automobile industries
due to its high strength to weight ratio, corrosion resistance, and ease of conventional fabrication
[12]. For instance, AA6061 can be extruded, rolled, forged, and cast. Different joining methods,
such as riveting, welding, brazing, soldering, and adhesive bonding also work for AA6061 [12].
Alternatively, LPBF AM fabrication of AA6061 would add to the advantages of using the material
by introducing topology optimization, mesh structures, thin features, internal features, and more
that might be difficult to achieve using conventional manufacturing techniques [13,14]. As a
result, AA6061 has been receiving attention from the AM community.
AA6061 has been a difficult alloy to process using LPBF because of high crack sensitivity
of the material during solidification [5,15]. Solidification cracking of Al-Si-Mg alloy systems is
widely discussed in the welding literature [16–18], from which valuable insight into the factors
affecting crack formation in LPBF can be obtained. For instance, after reviewing solidification
cracking in welds, Cross [19] identified that large difference between the solidus and liquidus
temperatures (solidification range) of an alloy, the retardation of liquid transport phenomena to the
shrinkage area due to complex dendritic network in the mushy zone, and the lack of eutectic points
for a given alloy are some of the metallurgical factors responsible for solidification cracking. In
addition, surface tension of the liquid metal affects solidification cracking by driving wettability
of grain boundaries and inter dendritic liquid metal flow.
To explain solidification cracking from a mechanical standpoint, Pellini [6] proposed strain
theory that involved the rupture of a liquid metal film when strained beyond a critical point as
determined by the weld cooling rate and solidification range. Although nucleation and propagation
of solidification cracking in welding are still issues of debate among researchers, the common
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solution for welding AA6061 products is to use filler metals from the silicon rich 4000 series
aluminum alloys or the magnesium rich 5000 series aluminum alloys. Kou [20] observed that
introduction of filler material reduced the thermal gradient of the melt zone during solidification
and thus, could be resolving the cracking problem during welding. Other methods such as
preheating of the base materials [21] and use of backing strips [22] have also been investigated.
In reference [21], preheating was achieved during the pulsed laser welding process by introducing
a second continuous wave laser beam. The preheating resulted in reduced cracking in the case of
autogenous bead-on-plate welding of a 6000 series alloy, namely 6016 (not AA6061). The
backing strip method [22] proved to be useful for autogenous welding of 5000 series aluminum
alloy but could not be used to achieve crack-free autogenous welding of any 6000 series aluminum
alloy. From the welding literature reviewed, it can be deduced that the solidification range and the
cooling rate (i.e., solidification rate) of the liquid metal are two of the main factors dictating
solidification cracking. The review also suggests that the introduction of filler materials and
preheating of the weld zone have been successfully applied in welding to avoid cracking.
In the case of LPBF processing of crack-free AA6061, only limited success has been
reported to date. For instance, Louvis et al. [3] reported delamination, and low relative density
(89.5%) when AA6061 was processed using LPBF, and identified the formation of an oxide film
as the major reason behind these issues. It was argued that the aluminum oxide film had a higher
melting point than the precursor powder, and instead of melting, the oxide layer would break down
in the melt-pool upsetting the bonding between two consecutive layers and causing delamination.
In another study, the tendency of the precursor powders to pick up oxygen was identified as a
major factor leading to delamination [13]. Besides the issues associated with delamination,
AA6061 has been found to be highly crack susceptible when fabricated with LPBF technology.
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For example, Fulcher et al. [5] indicated that crack formation during LPBF processing of prealloyed AA6061 was directly related to the high coefficient of thermal expansion, and a large
melting range of the material. Studies by Loh, et al. [23,24] have also described thermo-processing
features of laser powder bed fusion on AA6061, and showed crack formation and growth spanning
multiple grains [24].
To circumvent some of the issues with LPBF processing of AA6061, several strategies
have been explored. For example, LPBF fabrication of an unalloyed mixture of aluminum (Al),
and silicon (Si) powders in the same proportions as in nominal AA6061 was studied by Robert et
al. [15]. In typical solidification of AA6061, incongruent solidification over a temperature range
of 80 K can result in hot tearing, and hence, crack formation. Robert et al. expected a more
congruent solidification by ensuring the melting of Al only, and encapsulation of the un-melted Si
particles within the Al matrix. This approach reduced cracks in the microstructure but did not fully
eliminate cracking. Moreover, an elemental mixture that does not include all the alloying elements
of AA6061, is a fundamentally different precursor material compared to a pre-alloyed powder.
Further, the study did not report any mechanical properties of the fabricated parts that could be
compared against the wrought AA6061 properties.
In another study by Martin et al., AA6061 and AA7075 powders coated with zirconium
(Zr) nanoparticles were used to demonstrate LPBF fabrication of the functionalized material
without cracking [25]. Their results indicated that the components fabricated using the Zr
nanoparticles functionalized AA6061 and AA7075 powders were crack-free, and they exhibited
uniform equiaxed grains with approximate grain sizes of ~5 μm. The suppression of crack
formation and the fine equiaxed morphology were reasoned to originate from the introduction of
many nucleation sites provided by the Zr nanoparticles. Although the study did not report on the
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mechanical properties for functionalized AA6061, it did show that the mechanical properties of
functionalized AA7075 were within the limits for the same wrought alloy in the T6 condition.
Despite these results, the introduction of foreign particles such as Zr in the AA6061 and AA7075
would require the modified materials to be requalified and certified for aerospace and other critical
applications. Also, functionalization of the precursor powders by Zr nanoparticles requires an
additional procedure consisting of an electrostatic assembly technique that could incur added
processing costs. From the foregoing discussion, it appears that the previous strategies described
with the use of LPBF have yet to achieve fabrication of crack-free, and nearly fully dense
components using pre-alloyed and unmodified AA6061 powder that also have desirable
mechanical properties.
Preheating of the powder during the LPBF process has been shown to have some beneficial
effects. For example, powder bed preheating was used by Kempen et al. [7] to demonstrate crack
and delamination free fabrication of M2 HSS tool steel. It was argued that reduction in residual
stresses achieved by powder bed preheating at 200 ºC helped the successful fabrication of this
material.

Similarly, Ali et al. [26] demonstrated a reduction in residual stresses and the

improvement in mechanical properties of LPBF processed Ti-6Al-4V alloy at an elevated bed
temperature of 570 ºC. An optimum preheating temperature of 250 ºC was determined by
Buchbinder et al. [27] for residual stress and distortion-free fabrication of AlSi10Mg alloy. From
the foregoing discussion, it can be concluded that strategies such as material preheating [7] or the
introduction of nucleants [25] show a prospect for achieving required solidification behavior for
crack prevention during LPBF fabrication of AA6061.
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2.3 In situ Monitoring in LPBF: A Necessity
Design and material flexibility, reduced requirement for part specific tooling, and shorter
supply chains are a few of the marked advantages of AM manufacturing processes. Many of these
advantages are realized due to the form of stock materials that are used in AM. For instance, in
metal AM, be it laser powder bed fusion (LPBF) or electron powder bed fusion (EPBF), metal
powder in the particle size range of 15 to 80 µm of is the precursor material in contrast with more
conventional manufacturing techniques, such as machining or welding where the work pieces are
usually larger monolithic blocks of materials. Scope of this discussion is to identify the possible
root causes of some of the defects that could be more easily formed in AM processes than would
be possible in the above-mentioned conventional manufacturing techniques such as laser welding.
To draw a comparison between these two processes, the Marangoni effect could be considered.
The Marangoni effect is usually observed at the liquid gas interface where there is a gradient of
surface tension induced by whether variations in concentration of constituents of different phases
[28] and/or temperature variations [29] along the interface. The following equation is often used
to determine Marangoni number of a system,
𝑀𝑎 = −

𝑑𝛾 𝐿Δ𝑇
(
)
𝑑𝑇 µ𝛼

where, 𝛾 is surface tension in N/m, L is the characteristic length of the system, 𝛼 is thermal
diffusivity in m2/s, µ is dynamic viscosity and Δ𝑇 is temperature gradient along the interface.
Temperature dependence of surface tension property of material dictates Marangoni number and
𝑑𝛾

in turn determines the shape of the weld-pool as found in welding literature [30]. Effect of 𝑑𝑇 on
Marangoni forces was explained in the classic work of Heiple et al.[31]. Marangoni effects
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relevant to additive manufacturing have been studied for electron beam melting [32], and laser
melting [33]. In metal powder bed fusion AM technology, defect formation mechanisms for
porosity, spatter, and denudation zone were studied from a Marangoni effect perspective [34,35].
Also the effect of Marangoni number was studied in directed energy deposition (DED) processes
by Mukharjee et el.[36]. As suggested in the literature [37], a Marangoni number greater than 105

Figure 2.2 Marangoni number greater than 105 result is turbulent and therefore more unstable
melt pool as shown by Mukharjee et el.[38]
would result in unstable melt-pool. Similar observations from numerical simulations were
proposed by Mukharjee et el. [38] as shown in the Figure 2.2.
Due to much greater surface area of metallic materials in powder form than in the bulk
form, smaller thermal diffusivity of powder material, and inherent larger thermal gradients in
layer-wise AM process, there exists greater possibility of attaining larger Marangoni number for a
melt-pool in powder bed fusion AM processes than in welding processes. This simple comparison
of the two processes suggests that metal AM processes could be more defect prone; hence requires
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elaborate process control to achieve the full potential of the technology. Control, however, could
not be realized without in situ monitoring.
2.4 Review of in situ monitoring setups in LPBF processes:
Lack of accurate in situ monitoring and closed loop control techniques were identified as
one of the key barriers for more widespread acceptance of metal AM in the manufacturing industry,
and overcoming such barrier was set to be a high priority milestone in the roadmap for
measurement sciences in metal AM by National Institute of Standard and Technology (NIST) [39].
Similar workshops and conferences around the world in AM communities also identified
monitoring and control as one of the major issues with AM standardization [40].
Berumen et el.[41] described an in line monitoring system consisting of a high speed
camera and photodiode sensors. The monitoring system was incorporated with Concept Laser
GmbH (Lichtenfels, Deutschland) machine’s quality management (QM) module. The initial
design’s detection system involved capturing the total build area in a single frame using a camera
where the captured image would be converted to gray scale values based on the intensity of light
emitted from different regions of the 250 mm x 250 mm build plate. Using the following equation
2.1, it was calculated that capturing a build with 150 µm hatch spacing and 500, 1000, and 2000
mm/s scan speed would require frame rates of 3333, 6666, and 13333 frames per second,
respectively. Moreover, a camera sensor with 2000 x 2000 pixel to capture 250 mm x 250 mm
build area would only devote 125 µm x 125 µm area per pixel. It would be worth mentioning that
commercial LPBF machines usually employ a laser spot within 100 µm spot diameter. Therefore,
125 µm pixel would be insufficient to capture the melt pool’s geometric features resulting in a
very low-resolution image of the laser powder interaction zone. To capture the melt pool features,
imaging of that zone should be done so that at least one and preferably multiple pixels cover the
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area of the melt pool. In addition, an 8-bit image with 2200 x 2200-pixel resolution when captured
at 16666 frames per second would generate 75.1 GB data per second. The quantity of data
generated was calculated using equation 2.2 as shown below. This amount of data, a lot of which
is imagery of build area beyond the point the point of interest, i.e. the laser-powder interaction
zone, posed a formidable challenge for storage and processing; thereby, losing practical interest.
𝑠𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑

𝑓𝑟𝑎𝑚𝑒𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 = ℎ𝑎𝑡𝑐ℎ 𝑠𝑝𝑎𝑐𝑖𝑛𝑔
𝑑𝑎𝑡𝑎 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 = (𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑥 )(𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑦 )(𝑏𝑖𝑡 𝑑𝑒𝑝𝑡ℎ)(𝑓𝑟𝑎𝑚𝑒𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑)

(2.1)
(2.2)

After identifying the problem, an in-line monitoring system such as the one shown in
Figure 2.3 was proposed, which would only capture the data at the laser powder interaction zone
and within its close proximity that would reduce the generated data to 0.636 GB with a 10 µm
spatial resolution of the melt-pool. Such an improvement was realized by making sure that the

Figure 2.3 In line monitoring set up consisting of high-speed camera and photodiode sensor
shown by Berumen et el. [41]
20

data were only captured from the region of interest instead of the whole build area. To complement
the data obtained from the 10 kHz camera that provided information on the dimensions of the meltpool, photodiodes with were employed to obtain information on the amount of radiation from the
melt-pool. Determination of utility for quality management by using the melt pool monitoring
data, and different related processing algorithms were still under study during the publication of
the article.

Figure 2.4 (a) gray scale image of the data obtained from the in-line high speed camera
showing the dimensions of the melt pool in x and y direction (b) photodiode
detected intensity of the light emitted from melt pool; increased intensity around

layer 2000, 2600, and 3000 correspond to process error where larger amount of
powder was deposited due to un-synced movement of the build platform [41]
Lott et al. [42] from Fraunhofer-Institute for Laser Technology ILT (Aachen, Germany)
invented a setup for LPBF processes where a secondary illumination laser would be used to
illuminate the melt-pool and surrounding area side by side with the processing laser.
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A

combination of optics consisting of dichroic mirror for the processing laser, beam splitter for the
illumination laser and f-θ objective lenses were employed for capturing melt-pool dynamics.
Being in line with the processing laser, the data obtained from the setup required high speed CMOS
camera to match the laser scanning speed and provide enough data points to apply fast fourier
transformation (FFT). Required optical components for the setup, and preliminary image obtained
from the set up are shown in Figure 2.5.
Clijsters et al. [43], also from The Katholieke Universiteit Leuven (Leuven, Belgium),
improved the analysis tool of Berumen et al’s. [41] device. Instead of resolving the data in the
time domain as it had been done in reference [41], the latest work in reference [43] resolved the
data so that it could be related to a particular layer in the build and not merely to a point in time .
The same monitoring system described in reference [41] was used for this study. The system
consisted of a photodiode and a CMOS camera, both active in the spectral range of 400 nm to 1000
nm was used for this study. However, to avoid visible light and the processing laser of 1064 nm
(b)

(a)

Figure 2.5 (a) block diagram of the different optical component required for the in-line meltpool imaging setup invented by Lott et al.[42] (b) actual setup with an image of
the melt pool and surrounding area with a 5 mm x 5 mm field of view
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in the lower and higher end of the sensors’ spectrum, optical filtering was implemented in such a
manner as to allow only 780 nm to 950 nm radiation of be incident upon the sensors.
Data obtained from the two types of sensor would complement each other. For example,
the photodiode would provide measure of the melt area in a high resolution by integrating the
intensities during the melt time. However, the length and width of the melt-pool could not be
discerned from the photodiode data alone since it represented the intensity of the whole, not along
the length or width dimension in particular. To determine the dimensions, the CMOS camera that
had a lower resolution than the photodiodes was found helpful. Clijsters et al. [43] indicated that
the integration of a real time feedback control in the LPBF systems would require higher speed of
data processing (i.e. >10 kHz) than could be availed using the existing image processing software.
Therefore, field programmable gate arrays (FPGA), which is basically a dedicated computer on a
chip, was used for data handling. It was determined that FPGA would require only a single clock
cycle (40 MHz) to pass on the processed data to the controller for the feedback loop after the last
bit the image data had entered the FPGA.
Clijsters et al. [43] developed a mapping algorithm for processing the photodiode and
CMOS camera data as shown in Figure 2.6 (a). Figure 2.6 (b) demonstrated successful detection
of porosity at the beginning of a scan vector corresponding to larger melt pool. Such an algorithm
was deemed necessary to facilitate defect detection of the builds, quality control, and
implementation of feedback control. For each scan vector, pointwise intensity values were
obtained and correlated to a grey value. Only the scan vectors inside a 95% confidence level
interval was considered for analysis. These grey values were then plotted in a regular grid. To
determine quality of a build using such data, reference data in the form of ‘perfect’ build would be
necessary. Two different methods of producing reference data were discussed; one, to qualify a
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series of parts using the conventional analysis techniques such as density measurements,
metallography, etc. and then using the corresponding parameter generated intensity values as
reference, and two, to use prespecified dimensional accuracy, surface roughness, production speed,
etc. as a gage of ‘perfection’ for the scan vectors. Sensor data from any arbitrary build would then
be compared to a corresponding reference data to determine the quality of the build under
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discussion. Porosity detection using the algorithm under discussion was demonstrated as shown
(a)

(b)

Figure 2.6 (a) Illustration of mapping algorithm used by Clijsters et al.[43] On the left is are
the intensity values obtained by the photodiodes and corresponding grey scale
values. Grey scale values were plotted in a rectangular grid as shown on the
right side of image. Mapping of only a single vector is shown; when all the
vectors in a layer is mapped, a grey value representation of the entire layer could
be obtained. If multiple points corresponded to a single grid, the average of
those intensities were considered for that grid (b) Porosity corresponding to high
laser power and corresponding larger melt pool as detected by the proposed
monitoring system
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in the Figure 2.6 adapted from Clijsters et al. [43].
Doubenskaia et al.[44] developed an in situ monitoring system which was integrated with
a PHENIX PM 100 (Phenix Systems, France) laser powder bed fusion system. The system
consisted of visual monitoring capability of the build area and a two-color pyrometer. The visual
monitoring system used an illumination laser of 440 nm and a video camera. An image captured
using the visual observation system of the PHENIX PM 100 was shown in Figure.2.7. The surface
temperature monitoring setup complementing the visual observation system used two InGaAs
photodiodes with wavelengths 1.25 and 1.36 µm that could measure temperature in the range of

Figure 2.7 Image obtained from the visual observation system developed by Debenskaia et al.
[44] where the effect of single and double scanning of the same layer is visible

by difference in visual contrast. The layer that had been scanned once, appeared
darker in the visual observation system
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900 to 2800 K when calibrated against a black body. Doubenskaia et al.[44] reported signals from

Figure 2.8 Signals from the pyrometer in arbitrary units showing the effect of change in hatch
spacing on temperature as observed by Debenskaia et al. [44] Curves 1 through
6 represents builds with different hatch spacings when all the other scanning
parameters were kept unchanged. Curve 1 represents the build with 1 mm hatch
spacing and 6 represents a build with 70 µm layer hatch spacing. Layer
temperature with smaller hatch spacing was considerably higher because of the
higher energy input within the same area in the latter case
the photodiodes in arbitrary units that reflected change in processing parameters as shown in the
Figure 2.8.
Furumoto et al. [45] devised a two-color pyrometer to study the consolidation of a mixture
of nickel and copper powder when irradiated with laser. A sandwich of InAs and InSb detectors
was used for detection of radiation with wavelength ranges 1 to 3 µm and 3 to 5.5 µm respectively.
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Such a combination of detectors were used following the work of Ignatiev et al. [46]. The
pyrometer was calibrated up-to 1000 °C using thermocouples, at 1510 °C by melting a steel sheet
and at 2200 °C by melting of SiC. This work did not consider the effect of emissivity changes due
to changes in surface condition. Also, in case of ratio pyrometry it is always desirable to calibrate
the instrument using the materials that would be used during the actual test. These factors would
render the temperature measurements from the two color as relative only and not actual surface
temperature. However, Furumoto et al.[45] provided a functional description of the two color
pyrometry that could be used for future development of two and other multi-color/multiwavelength pyrometer.

Although relative, the two-color pyrometer setup under discussion

captured the change in maximum temperature with change in laser power during the consolidation
of metal powder as shown in the Figure 2.9 (a). Another noticeable aspect of the work by
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Furumoto et al.[45] is the functional description of how the temperature could be calculated using

Processing parameters
Laser power: 40 W
Scanning speed: 180

Figure 2.9 (a) the effect of laser power on the maximum temperature of laser and powder
interaction zone as reported by Furumoto et al. [45]. However, caution should be
maintained before considering the temperatures as true surface temperature since
the effect of emissivity could was not considered. Also, the measured area was
greater than the process interaction zone Temperature of the substrate plate was
the signal output from the detectors. Graphical representation of the concept is also shown in
Figure 2.9 (b).
Furumoto et al. [47] also used high speed (10,000 frames per second) video imaging for
monitoring the consolidation behavior of metal powders using the same custom machine as
mentioned in the reference [45]. In this setup, the camera was set up vertically on top of the scan
vector and the processing laser was placed at an angle of 45°. A metal halide lamp was used for
illumination of the build area under imaging. The setup is shown in the Figure 2.10 as adopted

29

from Furumoto et al. [45]. The study in reference [47] was followed up with an investigation of
temperature effects on powder consolidation and shrinkage behavior. It was argued by Furumoto
et al.[48] that the laser irradiated molten metal powders pulled un-melted metal powders from the
circumference of the melt-pool. Although the authors did not comment on the surface quality of

Figure 2.10 Set up devised by Furumoto et al.[48] for investigating the consolidation behavior
of metal powder upon laser irradiation
the solidification, the images presented in the reference [48] borne evidence of balling or turning
in spheroid shape due to over melting. Width of solidified single vectors scanned at different area-
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based energy densities (i.e. J/mm2) was presented as an indication of shrinkage behavior of the

Figure 2.11 The change of temperature of the melt area with change in energy density during
the melting of stainless steel powder by laser irradiation as reported by Furumoto
et al.[48]. Caution should be maintained before considering the reported
temperature as the true surface temperature since this study did not consider the
effect of emissivity change as a function of temperature
melt track. Also, the maximum temperature of the laser and powder interaction zone was showed
to vary with input energy densities as shown in Figure2.11.
Zavalov et al.[49] developed a six channel setup to study a 3 mm diameter spot melting of
350 µm thick single layer of the alloy PR-NX17SR4 (ПР-НX17СР4) on a 3 mm thick stainless
steel substrate. Each channel would acquire spectral data at different spatial location of on and
around the laser powder bed interaction zone. The channels had two photodiodes each active at
different spectral ranges, such as 1700 to 2200 nm, and 950 to 1400 nm. Use of two different type
of photodiodes at each channel was to capture IR spectral data with and without the processing
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laser. The first of photodiodes responsive at 1700 to 2200 nm would exclude the processing laser
of 1070 nm. Acquired spectral data at each channel was integrated over an area of 70 µm diameter
which was the spatial resolution of each channel. A schematic of the setup is shown in Figure
2.12.
1. Laser module
2. Scan head
3. Laser beam
4. Focusing optics
5. Plane of the pyrometer channels
6. 1:200 laser attenuating filter
7. Pyrometer channel hub
8. Individual channel fiber optic
9. Data processing unit
Figure 2.12 Multi channel spectral data analyzer developed by Zavalov et al. [49] Each

channel collects data at different spatial locations and at two different wavelength ranges
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Figure 2.13 Zavalov et al. [49] reported brightness temperature and corresponding
signal intensity are shown for channels 1, 3, and 5 i.e. 0, 0.6, and 1.2 mm

away from the laser and powder bed interaction zone. Curves in black
denote brightness temperatures, the colored graphs denote intensity
values at the channel 1 (red), channel 2 (green), and channel 3 (blue)
Data obtained using this setup identified the temperature changes associated with different
heat and mass transfer phenomena that occur in the laser powder bed interaction zone. A typical
plot of pseudo or brightness temperature (T*) i.e. temperature not corrected for emissivity, and
raw signal intensity (I*) from the channels 1, 3, and 5 from Zavalov et al. [49] is shown in the
Figure2.13.
Montazeri et al.[50] monitored the melt-pool of a test artifact consisting of a designed
overhang in a LPBF machine equipped with a short wavelength IR camera, a high speed video
camera, and a photodetector installed off-line with the processing laser. The study reported a new
approach, namely spectral graph technique, to analyze the sensor data to determine indication of
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failure. The technique involved creating a dictionary of eigenvectors and eigenvalues extracted
from the spectral graph obtained after mapping each individual sensor data using vertices and
edges with weights specified according to spectral graph theory. The eigenvalues and eigenvectors
were hypothesized to have signature peaks corresponding to the sensor values obtained from
different regions of the build, such as bulk, overhangs, thin features, etc. The study tested the
spectral graph theory on the three different sensors, data by feeding 250 randomly chosen build
sequence in the model. Images from the thermal camera were found to be most successfully
distinguish between overhang and bulk areas of the build.
Imani et al. [51] from the AM group at Penn State used DSLR still camera for process
monitoring in LPBF process. Two pictures of each layer were captured; one, right after the
melting, and the other, immediately after the recoating of the layer as the camera shutter was
controlled by proximity sensors placed to detect rake movement. Post fabrication XCT analysis
was performed and the effect of input laser energy density on porosity formation was studied. The
monitoring aspect of the work included application of the spectral graph theory and multifractal
analysis to the still images obtained at every layer and tracing them back to different processing
conditions. The authors argued that combination of spectral graph and multifractal analysis was
more suited for robust monitoring systems than the conventional statistical analysis tools.
However, the authors also recognized the approach as indirect way of quality assessment in LPBF
processes that could not indicate the location of the defect in the build, yet.
Yuan et al.[52] at Lawrence Livermore National Laboratory (CA, USA) used convoluted
neural network (CNN) approach of machine learning to analyze video data obtained from single
track scanning of SS 316 powder. The aim of the work was to develop a faster method of
generating labelled features from videos obtained in situ measurements. The authors remarked
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that although high speed images or videos were routinely captured using state of the art on-line
and off-line monitoring setups, analysis of these images and videos still lacked development in
methods and tools. In this work, 870 separate scans with a length of 5 mm and four different
combinations of laser power and scan speed were made on a steel substrate. The consolidated
scans were measured, and their heights were profiled by using a Keyence VR3000. These ex situ
measurements were correlated to the corresponding video images by a mapping algorithm
developed by Yuan et al.[52] where three distinct features such as, track, etch (depression due to
laser engraving that could result during the process) and background (the substrate plate) were
identified in the images. Those images were then used to train the CNN model to predict the
properties of the scan tracks. The characteristics of the melt tracks that were evaluated in this
study were the width, continuity, and standard deviation of the width measurements. Such models
could be used for monitoring and quality management of the builds in LPBF on the fly.
Nassar et al. [53] studied the optical emission using two photodiodes sensitive at 520 nm
and 530 nm, respectively when the optical radiation from the melt pool went into the sensors
through bandpass filters with 10 nm FWHM tolerance around the respective wavelengths. Image
of the total area of the build plate, instead of just the melt-pool, was projected on the photosensitive
part of sensors after a magnification of -0.07. The monitoring was performed during LPBF
processing of Inconel 718 cylindrical test coupons with different processing parameters. The
control part that were expected to be defect free was scanned with parameters prescribed by the
ProX 200 DMLS machine manufacturer 3D Systems. The authors proposed a parameter called
‘line to continuum ratio’ which was basically the ratio of difference between the response from the
two photodiodes sensitive at 520 and 530 nm, and the response from the photodiode with
sensitivity at 530 nm. This ratio was expected to correlate with the amount of porosity observed
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in the parts after ex-situ analysis using XCT. The implicit hypothesis was that a high emission of
(a)

Line to continuum ratio

Percent void

(b)

(c)

Figure 2.14 (a) Plots of normalized histogram of line to continuum ratio occurring at different
disks i.e. different processing conditions (b) percent void, a measure of porosity
at different processing conditions (c) Experimental set up used by Nassar et
al.[53]
chromium would indicate overheating of the melt pool and corresponding porosity generation.
The results did not show any decisive correlation between the porosity and line to continuum ratio
as can be seen from Figure 2.14 adopted from Nassar et al.[53]. Comparing Figure 2.14 (a) and
Figure 2.14 (b) it could be observed that although the disk A with a higher line to continuum ratio
had a higher level of porosity, the opposite was true for disk C that had a higher porosity despite
lower line to continuum ratio. The authors explained such behavior as lack of fusion in case of
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disk C which, even if correct, would deter drawing any direct correlation between the line to
continuum ratio and build quality until further improvement of the methods are proposed.
Leung et al. [54] used in situ high speed synchrotron X-ray imaging to study the melt pool
dynamics during the first and second layer of a LPBF process. A small powder bed with
dimensions 30 mm x 3 mm x 0.3 mm was inserted into the X-ray chamber. A 200W Ytterbiumdoped fiber laser with a wavelength of 1070 nm was used as processing laser. The setup provided
excellent insight into the physics and dynamics of melt-pool formation, spatter trajectory,
formation and migration of porosity, effect of Marangoni force in defect transportation in LPBF
process, etc. Such highly sophisticated instrumentation could provide data for process modelling
and simulation as the authors recognized. However, applying this technique for monitoring parts’
quality in industrial scale manufacturing operation is, unfortunately, a farfetched idea due to the
high cost and limitation in setup.
2.4 Rationale of the current research considering the literature review
The literature review in section 2.1, 2.1 and 2.3 was intended to serve as a background and
rationale for the research performed within the scope of the current thesis. In section 2.1 a brief
overview of the AM process in general and LPBF process in particular was provided. Section 2.2
was dedicated for the review of LPBF fabrication of AA6061. From the literature, different
challenges of AA6061 LPBF fabrication, such as low laser absorptivity of 7% or lower, tenacious
oxide films, high thermal conductivity of 167 W/m-K, high coefficient of thermal expansion of
23.4 ºC-1, and wide solidification range of approximately 80 K were identified. These properties
of AA6061 resulted in crack formation during LPBF fabrication of the alloy. Crack formation
during the welding of AA6061without using a filler material was obvious, and filler material would
be routinely used for welding of the alloy. However, due to the nature of LPBF process as
37

described in section 2.1, use of such filler material would not be possible. Due to the design
flexibility offered by AM processes, industrial pull for the LPBF fabrication of AA6061 and that
of AA7075 with similar solidification characteristics was in place. Therefore, directing research
towards the LPBF processing parameter development of these alloys was necessary. The use of
preheating as a means of reducing residual stress and distortion of the fabricated parts had already
been in practice for welding process. To address the issue of crack formation during the LPBF
fabrication of AA6061, powder bed heating was used in the current research with the hypothesis
that the preheating would help reduce the strain on liquid film during solidification process by
widening the liquid metal transportation channels at the latter stage of solidification process.
Measurement and understanding of the effect of powder bed heating on LPBF fabrication
process were deemed necessary. Accurate temperature of the build during fabrication could be
considered as a property to indicate the effect of powder bed heating. Such monitoring could also
serve for LPBF process control and standardization. Therefore, in section 2.3, literature on in situ
monitoring of LPBF process was reviewed with an interest in studying the setups, instruments,
and algorithms used for temperature measurement. The literature review revealed that the accurate
temperature measurement could not be achieved due to the lack of understanding of the emissivity
characteristics of the precursor metal powder as it underwent melting and subsequent
solidification. A technique called multiwavelength (MW) pyrometry could measure the surface
temperature without prior information of the target’s emissivity.

The genre of noncontact

temperature measurement techniques called pyrometry is reviewed dedicatedly in Chapter 4. In
the current study, MW pyrometry was employed for the emissivity profiling of the metal powder
at different temperatures, and custom monitoring windows were designed and fabricated for
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demonstrating in situ accurate temperature monitoring in an experimental open architecture LPBF
system.
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Chapter 3: Experimental Setup and Methodology
3.1 AconityONE Experimental LPBF System
Modularity and access to modification of software and hardware of the AconityONE machine
justifies its reference as an open architecture system. The machine has the following principal
modules, most of which could be independently controlled, but also integrated by the HTML based
‘AconityStudio’ software.
1) Laser unit with 3D scanning device
2) Induction heater unit
3) High-speed CMOS camera
4) High speed single wavelength pyrometers
There is a range of parameters available to alter and experiment within AconityONE. A
description of the relevant terms used in laser powder bed data preparation is presented below in
Table 3.1 and Figure3.1 [55]. When parameters such as hatch spacing, beam rotation, hatching
stripe lengths, and othersneed to be configured in the data preparation software Materialise Magics
or Netfabb, some other important parameters such as laser power, scanning speed, beam defocus,
laser jump delay, etc. could be accessed and changed using both the data preparation software, and
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Table 3.1: Common file preparation parameters [55]
Beam
compensation

µm

Space between the center of the beam and the real contour
of the part. (~ half of melting bath width)

Beam diameter

µm

The diameter of the beam on the building surface

Number of
contours

-

Common is one contour. Two or more contours could also
be done

Contour 1 spacing

µm

Distance between innermost contour and the hatch

Contour 2 spacing

µm

Distance between the contour 1 and contour 2

Contour laser
power

W

Laser power for scanning the contour vectors

Contour scanning
speed

mm/s

Scanning speed for scanning the contour vectors

Hatch laser power

W

Laser power for scanning the hatch vectors

Hatch overlap

µm

The overlap of the welding trace

Hatch scanning
speed

mm/s

Scanning speed for scanning the hatch vectors

Hatch spacing

µm

Space between hatch vectors.

Layer thickness

mm

Moving height of the platform per layer

Scan strategy

-

There are different scanning strategies. Stripes and
checkerboards are common.

Stripe overlap

mm

The overlap between the stripes

Stripe/beam
rotation

°

The rotation of the stripes per layer

Stripe width

mm

Stripe width is the length of a vector

AconityStudio after the build file is loaded in the machine. In AconityONE, laser power and
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(a)

(b)

Figure 3.1 (a) and (b) depict different build file preparation parameters [55]
scanning speed for different components of the build file i.e. up skin, down skin, contour, infill,
supports, etc could be altered in the middle of build by pausing the job.
AconityONE incorporates a 3D scanning device AXIALSCAN-12 (Raylase, Wessling,
Germany). The scan-head has the capability of dynamically adjusting the focus spot diameter to
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ensure uniform power density in a 600 mm by 600 mm field of scanning. The spot size could be

(b)

(a)

Figure 3.2 A uniform power density could be ensured by introducing a moving lens to
consistently adjust the beam focus and hence spot diameter. (a) Moving lens is
kept static to depict that the focal plane could curve out of build surface (b)
Movement of the lens ensures dynamic focus change and therefore, uniform
power distribution throughout the build area. [56]
varied between 80 µm to 500 µm. Figure 3.2 shows the advantage of maintaining desired focal
plane using an adjustable lens [56].
The scan head also houses optics for an in-line monitoring set up consisting of a 5 kHz
CMOS camera named EoSens® 3CXP (Mikrotron-GmbH, Unterschleissheim, Germany), and two
Kleiber KG Series 740 – LO-100 kHz pyrometers (KLEIBER Infrared GmbH, Unterwellenborn,
Germany). The CMOS camera is a maximum view field of 4 mm by 4 mm area and requires an
illumination laser. An 808 nm wavelength diode laser system (model # dst11-t192, OsTech e. K.,
Berlin, Germany) of highest 50 W capacity at 40 mA is used to illuminate the melt pool for viewing
using the camera. The two 100kHz pyrometers probe the thermal spectrum at the medium
wavelength infrared range from 1580 to 1800 nm. Two pyrometers measuring at the same
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wavelength could be used to obtain an instantaneous spatial thermal gradient when the pyrometers’
measuring spots are set apart at a known distance. Usually one pyrometer is set at the laser spot,

Figure 3.3 Image showing measurements made on a single layer scanning of four 10 x 10 x
10 mm cubes on the build platform using one of the 100 kHz pyrometers.
AlSi10Mg powder was used for the fabrication. The color-coded bar shows the
mV readings from the thermocouple detector that was used to create the pseudotemperature plots.
and the other one behind the laser spot for a qualitative measurement of the thermal gradient. A
representative image showing the capability of the pyrometer measurements is presented in Figure
3.3. The colors in the plot are an indication of intensities of the infrared radiation within the
measuring range of the Kleiber KG Series 740 – LO-100 kHz pyrometers i.e. 1580 to 1800 nm.
To obtain the accurate absolute temperature, information of emissivity is necessary. Emissivity of
the metal changes with wavelength and temperature due to their non-gray body radiation nature.
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Emissivity could also vary with powder particle size and morphology. Application of multi-color
and spectro-pyrometers could be a viable option for accurate surface temperature measurement in
powder bed fusion additive manufacturing.
3.2 Description of Pyrometer Experiments
3.2.1 Materials
To study the emissivity variation of different metal powders, a Whipmix Pro 200 (Whip
Mix Corp., Louisiville, KY, USA) dental furnace was used to heat the sample powders contained
in a quartz crucible (part # 319T050, Quartz Sci. Inc., OH, USA) under argon environment. Four
different metal powders, namely copper (Cu), Ti6Al4V with two different size distributions and
morphologies, AlSi10Mg, and aluminum 6061 alloy (AA6061) were tested. Table 3.2 shows the
list of powder materials used for the experiments and their specifications. Information on size
distribution is supplier provided and based on intended technology of application. Corresponding
measured properties for size distribution and morphology will be shown later in the results section.
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3.2.2 Whipmix Pro 200 furnace
Whipmix Pro 200 (Whip Mix Corp., Louisiville, KY, USA) is a resistive heating furnace
with a heating chamber with the following dimensions, 3 3/4 W x 2 1/2 H x 3 3/4 D in inches. The

Table 3.2 Supplier provided specification of the metal powders under study
Material

Supplier provided specifications
Morphology
Fabrication method

AlSi10Mg

Spherical with satellites

Gas atomization

Ti6Al4V
Ti6Al4V
Ti6Al4V

Spherical with satellites
Spherical with satellites
Angular shape

Gas atomization
Gas atomization
Hydride dihydride
(HDH)

Cu

Spherical and irregular
with satellites

Gas atomized

Size distribution
(Technology grade)
20-63 µm (LPBF grade)
20-63 µm (LPBF grade)
EBM grade
Powder metallurgy and
metal additive
applications
EBM grade

heating element surrounds the cylindrical heating space while being wound by quartz tubing. The
furnace is controlled by a factory installed E-type thermocouple E-type using a feedback control
loop. In its unmodified form, the furnace would facilitate vacuum and argon environments in
different settings. Single and two stage operation modes are available where in single stage mode,
the heating chamber could be held in a single temperature before the cooldown step begins. In
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two stage modes, two different hold temperatures could be availed. A graphic description of the
available heating cycles are shown in the Figure 3.4.
3.2.3 Modified Whipmix Pro 200 furnace
Several modifications were performed on the original furnace to gain optical and other

Figure 3.4 Single and dual stage operation of the Whipmix Pro 200 furnace
temperature measuring access to the furnace’s muffled chamber. Optical access was necessary for
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measuring the radiation spectrum from the heated object using the SpectroPyrometer (FAR

1. Metal lid

6. Fiber insulation

2. Thermocouple port

7. Air gap

3. Quartz window

8. Ceramic foam insulation

4. Metal flange for holding quartz

9. Heating chamber

window

10. Ceramic platform/ sample

5. Viewing port

holder

Figure 3.5 Cross section of the modified Whipmix Pro 200 furnace
Associates, OH, USA) MW pyrometer system. A cross section view of the CAD model of the
modified furnace is depicted in Figure 3.5. The metal lid (item 1) of the furnace was machined to
create a viewing window and hold a thermocouple. As shown in Figure 3.5, the cylindrical heating
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space (item 9) of the furnace was immediately surrounded by factory installed ceramic foam
insulation (item 8) held by a metal shell (not shown in CAD), an air gap, and an outer metal shell,
respectively. The gap between the top lid (item 1) and ceramic foam insulation (item 8) was filled
with ceramic blended fiber insulation (part # 23AR52, Grainger, USA). A metal flange with step
was inserted after cutting a hole through the ceramic fiber and foam insulation. The flange was

Figure 3.6 Modified Whipmix Pro 200 furnace with pyrometer assembly
attached to the top lid by means of sealing socket head screws (part # 95198A415, McMaster-Carr,
USA). The quartz glass (part # 210031, Quartz Sci. Inc., OH, USA) was placed in the stepped
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space after being sandwiched by two high temperature silicone O-rings (part # 1283N53,
McMaster-Carr, USA) for better sealing of the furnace chamber and protection of the glass.
Picture of the set-up is shown in Figure 3.6. Some closer views of the modifications made to the
furnace were given in Figure 3.7.
The unmodified furnace had an E-type thermocouple inserted in the chamber by the
manufacturer for control purposes, such as maintaining temperature set points, heating and cooling
rates, etc. However, the furnace firmware had no facility of recording the data from the furnace’s
thermocouple for analysis at a later time. To obtain temperature data from a measuring device
other than the spectro-pyrometer, a second k-type thermocouple was inserted using a vented 1/8”
NPT high temperature compatible gas tight pass-through. Location of the thermocouples can be

Figure 3.7 A top view of part of the modifications made to the Whipmix Pro 200 furnace.
The modified top window of the furnace is shown in the picture and a closer
view is presented in the inset
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observed from Figure 3.8. Part number and product identifier for the compression fitting are
311210-001 and MPG-125-A-G (Conax Technologies, Buffalo NY, USA), respectively. The
thermocouple probe had a stainless-steel sheathing with 1/8” in diameter.
Inside views of the modified furnace are provided in Figure 3.8.

Figure 3.8 Picture of the interior of the modified furnace. Heating coil, the quartz viewing
port for providing optical access to the MW pyrometer and the thermocouples
are visible
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Figure 3.9 shows the argon gas flow arrangements to maintain inert atmosphere

Figure 3.9 To maintain inert gas atmosphere inside the furnace argon was continuously
introduced inside the furnace chamber. Before purging with argon, the chamber
would be vacuumed at 200 ºC
inside the furnace. Ultra-high-purity (UHP) grade argon in T-type tank (Syoxsa, El Paso, TX,
USA) was connected to the heating chamber of the furnace through a single scale pressure gauge
(4003K71, McMaster-Carr, USA), impact-resistant panel-mount flowmeters for Air (5079K67,
McMaster-Carr, USA), and high-flow precision compressed air regulator (1888K1, McMasterCarr, USA). The flow was maintained at a pressure of 3 psi and a flow rate of 20 cubic feet per
hour. The pressure was chosen to be 3 psi to maintain a positive pressure and remove oxygen from
the chamber. Before continuously purging with argon, the heating chamber was vacuumed using
a vacuum pump,100-120 V MaxVac Pump (part # 9494198, model # DP-120H/120V, Dentsply
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Neytech, CA, USA) and subsequently back filled with argon for three times in sessions of 20
minutes.
3.3 Measuring Devices
3.3.1 Multi-wavelength or Spectro-Pyrometer
A SpectroPyrometer (FAR Associates, Macedonia, OH, USA) multiwavelength (MW)
pyrometer system was used for temperature measurement of the powder specimen heated inside
the modified furnace. The SpectroPyrometer could measure the temperature of non-grey targets
without requiring prior information of emissivity and provided emissivity information instead.
Detailed description of the multi-wavelength or spectro-pyrometers is presented in Chapter 4
dedicated for pyrometry. Basic operational introduction specific to the instrument could be found
in the operator’s manual [57].
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The pyrometer system consisted of an achromatic lens, a fiber optic cable, a spectroscope,
and Windows 2000 operating system enhanced computer. Role of the achromatic lens was to limit
the aberrations of the incoming radiation and focus the radiation of different wavelengths on the
same focal plane to ensure minimum transmission loss through the fiber optic cable. The
pyrometer had a green illumination laser that indicated the size of the measuring spot. Basically,
the temperature output provided by the MW pyrometer was an average of the temperature within

Figure 3.10 Different components of the FMPI SpectroPyrometer (FAR Associate, OH, USA)
MW pyrometer system
the measuring spot. Therefore, if the target is smaller in size than the measuring spot, the
temperature measurement would be wrong.

The illumination laser was integrated in the

spectroscope’s box and would be transmitted through the same fiber optic for aiming purpose.
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3.3.2 Thermocouple Data Acquisition System
A stainless-steel sheathed k-type thermocouple probe with a diameter of 1/8’’ was used for
1. cDAQ-9171 data
acquisition chassis
2. NI TB-9214 thermocouple
board
3. Thermocouple wire
attaching ports

Figure 3.11 Different components of the thermocouple data acquisition system used in the
current study
measuring and recoding the temperature inside the furnace. A data acquisition chassis, cDAQ9171, Part Number: 781425-01 (National Instruments, Austin, TX, USA) was used in series with
a NI TB-9214 (National Instruments, Austin, TX, USA) 16 channel thermocouple board. Role of
the data acquisition chassis is to control the timing, synchronization and data transfer between the
thermocouple input device and external host, in this case a computer. A software interface built
using LabVIEW (National Instruments, Austin, TX, USA) and NI-DAQmx driver was used for
data transfer from the cDAQ-9171 to the computer. Pictures of these parts are shown in
Figure3.11.
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3.4 In Situ Off Line Monitoring Windows
Two of the AconityONE windows, the top laser window and the side window were
modified and fitted with quartz (Quartz Scientific Inc., OH, USA) and ZnSe (Edmund Optics, NJ,
USA) windows. Images of the actual setup and CAD are shown in Figure 3.12 and Figure 3.13,

Figure 3.12 The top window of AconityONE after modification to incorporate MW pyrometer
and an IR camera for in situ monitoring of the build. The original laser window of
the AconityONE machine was replaced with this modified window
respectively.
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Figure 3.13 CAD model of the modified top window with the laser enclosure bottom part of
which was made transparent (only in CAD model) for better visual. The
transparent laser enclosure gives visual to the reduce size laser processing
window
The side window of the AconityONE system was also modified for in situ monitoring using
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Figure 3.10 In situ monitoring setup including MW pyrometer mounted to the side window of
AconityONE machine. The spectro-pyrometer box contains the means for
dividing the incoming radiation in with a spectral resolution of close to 1 nm
MW pyrometry. The actual setup and the CAD models are shown in Figure 3.14 and Figure 3.15,
respectively. The CAD model in Figure 3.11 depicts the complete model when both the top and
the front window would be in operation for the same build; however, this combination of set up
was not experimented with for the current thesis.
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Figure 3.15 An inclusive CAD of in situ monitoring set up where both the front and top
monitoring windows are shown. The components were identified in the previous
Figures

3.5 Pyrometer Data Analysis
The MW pyrometer instrument used for the current research was developed by FAR
Associates (Ohio, USA). The fundamentals of the MW pyrometer technology are presented in
Chapter 4 along with brief description of some other type of pyrometers. According to the author,
MW

pyrometry, the one that is

used in

this study, is

an extension

of the

spectroscopy/spectrophotometry technique that is widely used in fields such as physical chemistry
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for elemental analysis of different chemical compounds, in food and drug industry for quality
control, etc. Basically, the principle of unique radiation (emission or absorption of electromagnetic wave of different wavelengths) characteristics of any object at a temperature above
absolute zero leaves a thermal signature which, if detected effectively, could be related to the
absolute thermomechanical state of the target at the time of radiation.
The FMPI SpectroPyrometer (FAR Associates, OH, USA) would collect intensity data in
arbitrary units according to factory calibration for the wavelength range of 850 nm to 1650 nm.
The minimum data acquisition time of the instrument is 10 ms (i.e. 10-5s). These data would then
be processed using a patented algorithm [58] to output a temperature, tolerance, and emissivity
value.

An in-house methodology based on the ratio temperature calculation from several

wavelengths was tested on the intensity - wavelength data stored in the instrument. The method
adopted for calculating temperature from the raw data is explained below in steps along with the
MATLAB® script used for calculation. A demonstration of the calculation using this algorithm is
presented in Chapter 6. The potential use of this algorithm could be the development of an accurate
surface temperature measurement equipment dedicated for metal AM machines.
The algorithm could be summed up in five steps; such as,
i)

importing the raw data files with .dat extensions from the local computer that was
connected with the MW pyrometer

ii)

selecting the columns containing the wavelengths and intensities (these are columns 1
and 4 in the .dat files)

iii)

fitting a polynomial curve to the imported intensity data

iv)

calculating ratio temperatures for wavelength and intensity pairs from the fitted
polynomial by applying Planck’s law
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v)

taking average of the ratio temperatures as consensus temperature
The MATLAB® scripts and functions used for the analysis is given in the appendix.
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Chapter 4: Pyrometry
In the previous chapters of this thesis report, the importance of temperature measurement
and associated difficulties in measuring accurate temperature as a state property were discussed
from the viewpoint of application in laser powder bed fusion (LPBF) category of additive
manufacturing (AM) processes.

Due to the non-contact nature of pyrometric method of

temperature measurement, this technique is well suited for AM processes where attaching any
probe in the processing zone would be difficult and disruptive for the process itself. To fully
realize the potential of using pyrometers in AM process monitoring, a fundamental understanding
of this scientific technique and relevant instruments would be necessary. The current chapter starts
with a brief introduction and classification of pyrometers and continues to describe different type
of pyrometers, provides description of different pyrometer components and sensors, and discuss
some of the issues in pyrometry of metals.
4.1 Necessity of Non-contact Temperature Measurement in Additive Manufacturing
Pyrometers are non-contact temperature measurement devices. Non-contact temperature
measurement is of great importance to the processes that require very high purity of the process
environment, and hence disallow any probe to be inserted in the location of measurement.
Alteration of heat and mass transfer due to the presence of any measuring probe also calls for noncontact temperature measurement. In addition, the processes involving fast thermodynamic
change, particularly phase change compounded with high heating and cooling rate [59] would
require non-contact devices with a fast response time. Laser powder bed fusion technology
(LPBF) resembles welding in many different aspects such as both have moving heat source for
energy input, melting of metallic materials occur in both the cases in a continuous bead, etc. Weld
pool temperature dictates the mass and heat transfer within the puddle, and accurate temperature
measurement is essential to ensure the shape and integrity of the welding. With thermal gradients
as high as 1000 K/cm [60] compounded with a moving heat source, the use of thermocouples and
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other contact based temperature measuring devices would not be suitable in welding. Like welding
processes, in LPBF very fast thermodynamic changes occur, and the challenges encountered in
welding regarding temperature measurements persist with a more complex nature as described
earlier in section 2.3. Therefore, a LPBF technology would benefit from the development and
application of non-contact temperature techniques, devices, and algorithms for measuring the true
surface temperature of the part being fabricated for quality assurance.
4.2 Introduction to Pyrometry
The word pyrometer is derived from the combination of Greek words, such as pyro meaning fire, and meter- meaning to measure. The remote sensing nature of the instrument makes
it suitable for measuring temperature of objects that are not easily or safely accessible or the
process, the temperature of which is being measured, is vulnerable to interaction with external
entities meant for temperature measurements such as, thermocouples, RTDs, etc. Pyrometers are
also known as “radiation thermometers” since, in principle, pyrometers operate using the
electromagnetic radiation of wavelengths within 0.4 to 20 µm that includes visible and infrared
(IR) radiation as shown in Figure 4.1 [61]
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Pyrometers are a broad class of instruments that could be distinguished by spectral
sensitivity and method of operation as depicted in Figure 4.2 [62]. Manually operated pyrometers
involve human operator where human eyes function as detectors. The automatic pyrometers
provide temperature reading based on the calibration and algorithm programmed in the device. A
more detailed discussion of how different pyrometers work follows.

Figure 4.1 Electromagnetic spectrum showing the visible and IR radiation ranges that are
usually utilized in pyrometry [61]
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Figure 4.2 Classification of pyrometers based on spectral response and method of
operation [62]
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4.3 Manually Operated Pyrometers
4.3.1 Disappearing Filament Pyrometer
In disappearing filament pyrometers, the radiance of the target object is compared to that
of a known object, usually a tungsten filament calibrated against the radiance of a blackbody.
Current through the filament is constantly adjusted to achieve such radiance of the filament that it
disappears from the view point when observed through a red filter. The red filter enables the
pyrometer to work with a wavelength of 0.65 µm and corresponding color which is visible to the
human eye and yields a favorable spectral radiant intensity. Disappearing pyrometers have a lower
detection limit of 700 °C which is imposed by the limitation of human eye that could only detect
comparatively long wavelengths in the visible range.
The mathematics of disappearing filament pyrometer is founded on Planck’s equation [63]
and Wien’s approximation of the Planck’s equation [64]. Before the derivation of the scaling
equation for disappearing filament pyrometers, understanding of some of the fundamental
radiometric terms is necessary.
Any given object that has a temperature beyond absolute zero, radiates energy in the form
of infrared (IR) electromagnetic radiation. Such electromagnetic energy (E) radiated per unit time
is known as ‘radiant flux (Φ)’ and measured using watts, W. Radiant flux in any given direction
per unit of solid angle (θ) is known as ‘radiant intensity (W)’ measured using the unit 𝑊/𝑠𝑟.
Spectral radiance 𝐿𝜆 is defined as the radiant flux density emanating from a surface per unit solid
𝑊

angle per unit wavelength and has the unit 𝑚−2 𝑠𝑟 −1 µ𝑚−1 . Spectral radiant intensity, 𝑊𝜆 is defined
as the radiant flux emanating from a surface per unit solid angle per unit of wavelength.
Spectral radiance is given by Planck’s equation in the following manner,
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1

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑃𝑙𝑎𝑛𝑐𝑘 ′ 𝑠 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛, 𝑊𝑜,𝜆 = 𝑐1 𝜀𝜆 𝜆−5 (
𝑒

(4.1.a)

)

𝑐2
𝜆𝑇𝑡 −1

Following Wien’s approximation of Planck’s equation,
𝑐

𝑊𝑜,𝜆 = 𝑐1 𝜀𝜆

− 2
𝜆−5 𝑒 𝜆𝑇𝑡

𝐿𝑜,𝜆 = 𝐶𝑐1 𝜀𝜆 𝜆−5 𝑒

𝑐
− 2

𝜆𝑇𝑡

(4.1.b)
(4.2)

For a blackbody, given that a red filter has the spectral transmissivity of 𝜏𝜆 , and operator’s
eye has a spectral sensitivity of 𝑉𝜆 , then the brightness felt by the operator’s eye will be given by,
𝐿′𝑜,𝜆 = 𝐶𝑐1 𝑉𝜆 𝜏𝜆 𝜀𝜆 𝜆−5 𝑒

𝑐
− 2

𝜆𝑇𝑡

(4.3)

Similarly, for the filament, with a spectral emissivity of 𝜀𝑓𝜆 , the brightness experienced by
the operator will be given by,
𝑐

𝐿′′𝑜,𝜆 = 𝐶𝑐1 𝑉𝜆 𝜏𝜆 𝜀𝑓𝜆

− 2
𝜆−5 𝑒 𝜆𝑇𝑡

(4.4)

The filament will disappear when the radiance of both the target and the filament are
matched and therefore,
𝐿′𝑜,𝜆 = 𝐿′′𝑜,𝜆

(4.5)

Despite the use of a red monochromatic filter, in practice the light that passes through the
filter is not of a single wavelength, but a band of spectrum however narrow it might be. Therefore,
all practical uses wavelength, 𝜆 is replaced with 𝜆𝑒 which is known as the equivalent wavelength.
Replacing 𝜆 with 𝜆𝑒 , in the expressions for 𝐿′𝑜,𝜆 and 𝐿′′𝑜,𝜆 , the following is obtained,
𝑒

𝑐
− 2

𝜆𝑒 𝑇𝑡

= 𝜀𝑓𝜆 𝜆−5 𝑒

𝑐

𝑐

𝑒 𝑡

𝑒 𝑡

−

𝑐2
𝜆𝑒 𝑇𝑡

=> − 𝜆 2𝑇 = − 𝜆 2𝑇 + 𝑙𝑛𝜀𝑓𝜆
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𝑒

=>

1
𝑇𝑓

1

𝜆

= 𝑇 + 𝑐𝑒 𝑙𝑛𝜀𝑓𝜆
𝑡

2

(4.6)

𝑒

that defines the basic equation for disappearing filament pyrometers where, 𝑇𝑓 is the
filament temperature, 𝑇𝑡 is the target temperature, 𝜆𝑒 is the wavelength at which the pyrometer
operates (usually 0.65±0.003 µm when red filters are used), 𝑐2 is the second radiation constant
with a value of 14.3𝑥103 µ𝑚 𝐾, and 𝜀𝑓𝜆𝑒 is the spectral emissivity of the filament at the
wavelength 𝜆𝑒 .
To measure the temperature of a real object which is a non-black body for all
practical purposes, the following modified equation is used that incorporates the emissivity of the
target.
𝑇𝑡 =

1
1 𝜆𝑒
+ 𝑙𝑛𝜀𝜆𝑒
𝑇𝑖 𝑐2

(4.7)

where, 𝜺𝝀𝒆 is the emissivity of the target at the wavelength 𝜆𝑒 .
Using a tungsten filament, temperature only up to 1400 °C could be measured since
tungsten would evaporate beyond this temperature. To extend the capacity of optical pyrometers
to measure temperatures up to 3500 °C grey filters are used that would incorporate a grey
correction factor. An example of commercially available instrument such as the one mentioned
above could be found here [65].
The current discussion intended to outline the basic principle of pyrometry. Such
earlier techniques of pyrometry was intended for measuring steady state temperatures with setup
that required human intervention and interpretation of the result. Clearly, single color and
manually operated pyrometer would not be suitable for measuring temperature in a dynamic
process such as LPBF. The following sections are dedicated to the discussion on improved
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pyrometry techniques and identification of a technology that would serve the purpose of accurate
temperature measurement in LPBF AM process.
4.3.2 Two-color Pyrometers
Two color pyrometry is founded on the incandescence phenomenon of materials.
Incandescence is defined as the glowing of any solid or liquid body after heating beyond
approximately 528 °C [66]. Two color pyrometry is independent of the requirement of an
emissivity input to measure temperatures of black and grey bodies, since in black and grey bodies,
emissivity is wavelength independent. However, in case of non-black and non-grey bodies the
emissivity is wavelength dependent and therefore, would not be able to output a thermodynamic
temperature directly.
In two color pyrometers, temperature is measured from the ratio of spectral radiant
intensities as proposed by Forsythe [67]. A two-color pyrometer employs a pair of red (0.66 µm)
and blue (0.47 µm), or red (0.66 µm) and green (0.55 µm) filters to observe the target. The filters
are so adjusted that the target turns grey in the operator’s eye. Then the temperature is directly
read in the output according to calibration. To give an example, one of the early two-color
pyrometers that used a two-color wedged filter could be mentioned. The wedge filter would give
off a fixed amount of red when the amount of green could be varied. When looked at an object at
thermal equilibrium, the operator would find a whitish-yellow point by adjusting the filter. Once
the source temperature changed, the location of that point would also change and give a direct
indication of temperature change [68].
The scale is established in two-color pyrometers by using the spectral radiant intensity of
the target at the wavelengths of the filter, as given by Wien’s approximation of Planck’s equation.
𝑐2

𝑊𝜆 = 𝑐1 𝜀𝜆 𝜆−5 𝑒 −𝜆𝑇
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(4.8)

Where, 𝑊𝜆 is the spectral radiant intensity at the wavelength 𝜆. Since, emissivity is
independent of wavelength for black and grey bodies, 𝑊𝜆 is related to thermodynamic temperature
T, using the following equation,
𝑊𝜆 1
𝑊𝜆 2
𝜆

5

1

1

2

1

𝐵

= 𝐴𝑒 𝑇𝑖

(4.9)

where, 𝐴 = (𝜆2 ) 𝑎𝑛𝑑 𝐵 = 𝑐2 (𝜆 − 𝜆 ) and could be considered constant for a given pair
1

of filters.
When the temperature of non-grey body temperature is measured by two-color
pyrometer, it would be called a color temperature (𝑇𝑐 ), as defined by Ribaud [69], instead of
accurate thermodynamic temperature (𝑇𝑡 ) since emissivity changes with wavelengths in case of a
non-grey body and the assumption that 𝜀𝜆1 = 𝜀𝜆 2 does not hold. After considering differences in
emissivity for grey bodies, (𝑇𝑐 ) and (𝑇𝑡 ) were related in the following equation,
1

𝑇𝑐 = (𝑇 −
𝑡

𝜀𝜆
ln( 1 )

𝜀𝜆
2
1
1
𝑐2 [( − )]
𝜆2 𝜆1

−1

)

(4.10)

Like manually operated single color pyrometers, the two-color pyrometers also
require human intervention. Such shortcoming rendered this technology unsuitable for LPBF AM
processes. In further discussion on the topic of pyrometry, automatic algorithm driven, and sensor
dependent pyrometers will be considered for AM processes.
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4.4 Automatic Pyrometers
Unlike manual pyrometers, automatic pyrometers do not require a human operator, instead
a photo detector replaces human eye. An automatic pyrometer system consists of a
Lens for
optical input

Detector
Temperature
calculation
algorithm

Optical
transmission

Temperature
output

Signal
processing
unit
Figure 4.3 Main components of an automatic pyrometer

means of receiving optical or thermal radiation from the source, transmission optics, signal
processing and detector unit, temperature calculation algorithm and a display unit as shown in the
schematic in Figure 4.3.

4.4.1 Single Wavelength Pyrometers
Single wavelength pyrometers follow the general schematic of automatic pyrometers as
shown in Figure 4.3 except with a much simpler calculation step. In single wavelength pyrometers
filters are used in front of the detector that would allow only a selected energy wavelength be
incident on the detectors. Single wavelength pyrometers are suitable for targets for which the
emissivity does not vary with temperature, wavelength, surface morphology, etc.

These

pyrometers work based on equation (4.2.b) which is Wien’s approximation of Planck’s equation,
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𝐿𝑜,𝜆 = 𝐶𝑐1 𝜀𝜆 𝜆−5 𝑒

𝑐
− 2

𝜆𝑇𝑡

where the left side of the equation is measured quantity (i.e. radiance of the target), C is an
instrument constant, 𝑐1 and 𝑐2 are first and second Planck’s constant, 𝜆 is the operating wavelength
of the pyrometer, 𝜀𝜆 is the emissivity of the target at the operating wavelength, and 𝑇𝑡 is the
temperature of the target in K. When all the other quantities are known, 𝑇𝑡 could be calculated
using equation (4.2).
4.4.2 Dual Wavelength Pyrometers
Two or dual wavelength pyrometers are sometimes referred to as automatic two-color

Figure 4.4 Schematic of a two-wavelength pyrometer circuit [68]
pyrometers because of the way the incident radiation is analyzed by means of photoelectric
detectors instead of human eye. Operating principles and scale defining equations for two
wavelength pyrometers follow from the two-color pyrometers. One of the earliest two wavelength
pyrometers was described by H.W. Russel as shown in Figure 4.4 [68] where photocells were used
as detectors, and vacuum tubes were used for amplification of the photoelectric current. Incident
radiation would pass through red and green filters essentially at two monochromatic wavelengths
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that could be detected in the photocells. Corresponding electrical circuit would then indicate and
record the response to yield a ratio of the intensities of two different wavelengths. Temperature is
indicated by using the value of such a ratio. More sophisticated electronics such as photodiodes
instead of photocells are used nowadays [70].
Bach et al.[71] developed a pyrometer with 100 Hz frequency, 250 µm resolution for
temperature measurement of particulate matters in captive fuel cells.

The lower limit of

temperature measurement was 300 °C. Two narrow band pass filters of wavelengths 3.1 and 4.5
µm were used. It was one of the earlier works with two-color pyrometers and photocells were
used as photodetectors. A liquid nitrogen cooled indium antimonide cell was used as detector
along with a mechanical amplifier contemporary to the era.
Muller et al. [72] developed a dual wavelength pyrometer that could measure temperature
down to 300 °C with object’s emissivity as low as 0.2. The pyrometer had an operating wavelength
of 1.7 and 2.0 µm. Speed of the pyrometer was limited by speed of the amplifiers and data
acquisition allowing a maximum resolution of a few microseconds. A spatial resolution of
approximately 0.5 mm2 was achieved. The pyrometer was intended for use in temperature
measurements of metal chips during turning operation that continually varied in emissivity and
had obstructed view by dirt due to the operational environment.
Dual wavelength pyrometers are often used with the argument that it provides accurate
temperature of the target regardless of emissivity based on the underlying assumption that at the
considered wavelengths, such as λ1 and λ2 the corresponding emissivity values, such as 𝜀𝜆 1 and 𝜀𝜆 2
𝜀

follow the rule of 𝜀𝜆1 − 1 = 0 𝑜𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. However, in practice, emissivity, ε is not a dependent
𝜆2

on wavelength, λ only but it also depends strongly on surface morphology, target’s material phase,
temperature itself, etc. [73]. As discussed earlier, LPBF is a highly dynamic process where the
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target is initially in powder form, then undergoes melting with laser interaction and solidifies back
to bulk solid at the cooling rate of 10-5 ºC/sec. Such dynamics could potentially upset the
underlying assumption of dual wavelength pyrometry during in situ measurement in LPBF
processes. Therefore, to accurately measure in situ temperature a in LPBF process, a pyrometry
technique that employs radiance measurement at multiple energy wavelength and applies
algorithm that not only provide a temperature output but also assess the correctness of the
measurement would be required. In the following section, multiwavelength (MW) pyrometers,
devices that potentially meets such requirement is described.
4.4.3. Multi Wavelength Pyrometers
As the name suggests, multiwavelength (MW) pyrometers acquire spectral intensity data
at multiple wavelengths. Khan et al. extensively reviewed different MW pyrometer algorithm
identifying them in two broad categories, such as interpolation based techniques, [60] and least
square based techniques [74]. The errors associated with MW pyrometry was reviewed in detail
by P.B. Coates [75]. A practical MW pyrometer was built and commercialized by R. Felice [76].
The SpectroPyrometer FMPI (FAR Associates, OH, USA) was the MW pyrometer used for the
current study. The algorithm used in the instrument acquires spectral intensity data in arbitrary
units according to factory calibration at a minimum of 250 different wavelengths in the range of
850 nm to 1650 nm. The data is then analyzed using a patented algorithm that provide a
temperature output, a tolerance value that signifies the accuracy of the measurement and a realtime emissivity value of the target surface. As well as using the instrument’s temperature
measurements as coming out of a patented algorithm [77], a similar approach was adopted for
calculating accurate surface temperature using spectral intensity data by the author of this thesis
and the steps of calculation was described in the experimental section 3.5, a demonstration of the
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calculation is given in section 6.3 and the corresponding MATLAB® scripts are given in the
appendix B. The SpectroPyrometer (FAR Associates, OH, USA) MW pyrometer was used in
different setups regarding the current research within the scope of this thesis and the results on
metal powder emissivity measurements and in situ measurements are presented in Chapter 6:
Results and Discussions.
4.4.4 Time Resolution of Different Ratio Pyrometers
Time resolution of pyrometer devices are limited by the speed and efficiency of the
available detectors, signal amplifiers, and data acquisition systems. In Table 4.1, a summary of
the time resolution reported for different type of ratio pyrometers was given. Works from the

Table 4.1 Time resolution of different ratio pyrometers
Type

Authors and year of publication

Time resolution

Radiation pyrometer

Giuseppe Ruffino, 1976

10-3 sec or less

Two-color pyrometer

Jorgensen et al,,1985

10-4 sec

Six-color pyrometer

Hiernaut et al., 1986

< 10-3 sec

Single wavelength-spatial

Cezairliyan et al.,1993

10-6 sec

Ralph Felice, 2002

10-5 sec minimum

scanning pyrometer with array of
detectors
Spectro-Pyrometer (250
wavelengths between 850 nm to
1650 nm)

following researchers were cited: G. Ruffino [78], Jorgensen et al. [79], Hiernaut et al. [80],
Cezairliyan et al. [81], and Ralph Felice [76]. This comparison is not exhaustive but indicates that
the capability of pyrometers in terms of response time had been increasing with the availability of
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faster sensors and more computational power. Successful use of SpectroPyrometer [76] was
shown in electron powder bed fusion (EPBF) technology by Cordero et al.[82] where the melt
pool temperature following a high speed scanning using an electron beam was captured. EPBF
process has similarity with LPBF process; therefore, use of the SpectroPyrometer in the current
study was deemed viable and as mentioned above, measurements obtained by the instrument is
shown in Chapter 5.
For the interested readers, background information on different types of transmission
optics, detectors, and wavelength splitting techniques is included in section 4.5 and 4.6. If the
reader is familiar with these topics, then sections 4.5 and 4.6 could be skipped. Section 4.7
discusses some of the issues with pyrometric measurement on metals.
4.5 Automatic Pyrometers Components
4.5.1 Transmission Optics
Optical path to the detector is a vital component of any pyrometer since the quality of
received radiation would determine the accuracy of the measurement. Also, temperature limits of
the measuring device depend heavily on the type of glass material used for making the lens.
Usually, materials that have a distinguished opaqueness (transmissivity, τ = 0) at beyond a specific
wavelength range are used as transmission lenses and windows in pyrometers. It is evident from
Planck’s curves for blackbody radiation shown in Figure 4.5 (a) that longer wavelengths
correspond to lower temperatures, and therefore pyrometers that work with low temperatures use
the windows that allows the transmission of longer wavelengths.

For example, KRS-5 is

transparent to radiation within the wavelength of 0.5 to 36 µm enabling the material to be used in
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(a)

(b)

Figure 4.5 (a) Blackbody radiation characteristics based on temperature. (b) Transmittance of
typical IR window [62]
1- Optical glass

4- KRS-5

7- Silicon

2- Calcium fluoride (CaF)

5-Quartz glass

8- Lithium fluoride

3- Zinc selenide (ZnSe)

6- Germanium

9- Chalcogenide glass IG

pyrometers that could read temperature as low as -50°C. Transmissivity values of some of the
typically used IR windows are shown in Figure 4.5 (b) along with the Planck’s curve for blackbody
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radiation [9]. For the setup used in the current study as described in Chapter 3, quartz and ZnSe
windows were used for SpectroPyrometer and FLIR IR thermal camera, respectively.
The lenses used in pyrometers have well defined measuring spot at certain distances from
d: measuring spots vary according to distance based on focal length

decreasing

l: distance from transmission optics

increasing

Figure 4.6 l/d designation of lenses used in pyrometry
the target as shown in Figure 4.6. Finding out and setting up the pyrometer at the correct distance
to ensure the right measuring spot size could be critical to the accuracy of temperature
measurement for targets that are small and highly transient in nature. The lenses are designated in
the format d (mm)/l (m) where ‘d’ is the measuring spot diameter at a measuring distance i.e. the
distance between the lens and the target of ‘l’ m as illustrated in Figure 4.6.
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4.5.2 Infrared Radiation (IR) Detectors
IR detectors are essentially sensors that receive the thermal radiation emitted from the

Table 4.2 Comparison of IR detector types (Rogalski et al [85].)
Table 1. Comparison of IR detectors
Detector type Advantages
Disadvantages
Thermal
Light, rugged, reliable, and low cost Low detectivity at high frequency
Room temperature operation
Slow response (ms order)
Photon
Intrinsic
IV–VI
II–VI

Available low-gap materials
Well studied
Easy band-gap tailoring
Well-developed theory and exp.

Poor mechanical
Large permittivity
Non-uniformity over large area
High cost in growth and

Multicolour detectors
Good material and dopants

Heteroepitaxy with large lattice

processing
III–V
mismatch

Extrinsic
operation

Advanced technology
Possible monolithic integration
Very long wavelength operation

Extremely low temperature

Relatively simple technology
Free
carriers
Quantum
wells
Type I

Type II
growth

Low-cost, high yields
Large and close packed 2D arrays

Low quantum efficiency
Low temperature operation

Matured material growth
Low quantum efficiency
Good uniformity over large area
Complicated design and growth
Multicolour detectors
Low Auger recombination rate
Complicated design and
Easy wavelength control

Sensitive to the interfaces

source or target to be measured and converts it to an electrical signal. After calibration against a
blackbody those electrical signals are assigned a temperature. A comparison of different types of
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IR detectors is shown in Table 4.2 adopted from Rogalski et al.[85]. Based on operating principle,
IR detectors could be categorized in two groups, namely,
i)

Thermal detectors

ii)

Photon sensitive quantum detectors/photodetectors/photodiodes

4.5.2 (i) Thermal Detectors
Thermal detectors actively heat up upon irradiation from the target. Such heating could
indicate the target’s temperature by change of electromotive force in case of thermopiles,
resistance in case of bolometers, dielectric surface charge in case of pyroelectric detectors, etc.
Since a thermal detector requires time to heat up actively to give off thermal electrons and hence
a temperature reading, the response time is slower (in the scale of ms i.e 10-3s instead of µs i.e. 106

s for the case of photodetectors). From pyrometry point of view, the advantage of thermal

detectors is in the fact that they are spectrally independent. The spectral independence removes
some barriers in pyrometry such as the limitation in choosing optical transmission lines with
specific wavelength window, low temperature cut-off imposed by the wavelength specific
windows and detectors in case of photodetectors, etc. With widespread use of photon detectors,
research and development of thermal detectors experienced a decline during nineties; but recent
developments in use of thermal detectors in array configuration came with the promise of high
quality images at a rate of 60 Hz in uncooled configuration [85].
Different types of thermal detectors are in use for applications in pyrometry such as,
thermopiles, thermistors and metal bolometers, and pyroelectric detectors. Thermopiles are
essentially an array of thermocouples that can have different configurations such as wire type,
ribbon type, thin film, etc.
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Bolometers are another type of thermal detector widely used in thermal imaging
applications that use IR radiation for temperature measurement. Invention of bolometers is
attributed to Samuel Langley [86], and the basic construction of a bolometer comprises of a thermal
absorber and a thermal reservoir. The impinging IR radiation heats up the absorber which initially
remains in equilibrium with the isothermal reservoir by means of conduction. Heating of the
absorber raises the temperature and change in temperature is read out by a resistive thermometer.

Figure 4.7 Basic construction of a micro-bolometer (Wikipedia)
Time constant of the bolometer is a function of the ratio between heat capacity of the absorber and
the thermal conductance between the absorber and reservoir [87]. Microbolometer is a bolometer
where the detectors are mostly constructed using amorphous silicon or vanadium oxide because of
the ease of fabrication, and stability in application for a long time. Such attributes allow them to
be used in thermal cameras. A schematic of microbolometer is shown in Figure 4.7.
Pyroelectric thermal detectors are a class of crystalline materials that are sensitive to
temperature as manifested in a change of crystal structure. When the thermodynamic equilibrium
of such material is disturbed by exposing them to IR radiation, surface charge is produced as a
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result of spontaneous polarization and creates dipole moments, and hence, crystal structure change
[88]. Despite their high sensitivity, such detectors are not commonly used because of the
complexity in construction.
4.5.2 (ii) Photon Sensitive Quantum Detectors/Photodetectors/Photodiodes
Photo electric detectors are based on quantum photoelectric effect hypothesized by Max
Planck when explaining the radiation from a blackbody [63]. The effect was later further explained
by Albert Einstein using a mathematical model to address the particular phenomena of gas
ionization due to ultraviolet radiation [89]. Einstein’s explanation was corroborated by an earlier
experiment conducted by Robert Millikan [90] that determined the minimum or quantized charge
of an electron.
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In photoelectric detectors, the incident radiation with a frequency beyond a threshold value
would discharge electrons that could be amplified and related to the intensity of incident radiation
at that frequency or wavelength. Figure shows a pulse-type detection system schematics and a

(a)

(b)

Figure 4.8 (a) Pulse type detection system schematic (b) a typical signal as detected in a
pulse-based system [91]
typical pulse-type detector signal [91]. Later using the intensity signals and corresponding
wavelengths in Planck’s equation, temperature is determined.
Photoconductivity refers to the photoelectric phenomena where the electrical conductivity
of a semiconductor material increases upon irradiation. With impinging radiation of suffiicent
frequency, an added stream of photo electrons supports conduction, and hence the improved
conductivity [92].
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Photodiodes is another type of photodetector that functions as a regular semiconductor
diode but with the added capacity of receiving electromagnetic radiation at the sensitive portion
i.e. the junction of the diode. They could consist of a single photovoltaic detector or photovoltaic
multiple junction detectors. Upon irradiation, photons of sufficient frequency are absorbed in the
depletion region, and electron-hole pairs are created. Amount of photocurrent generation is
proportional to the number of electron-hole pairs created in the depletion zone. Therefore, an
increased depletion zone translates into a more effciient photodiode because of the capacity to use
more of the incident radiation for electron-hole pair generation. To facilitate an increased
depletion zone, photodiodes are operated in reverse bias [93]. Photodiodes for IR detection are
made of germenium semiconductor materials because of the favaorable spectral response of band
from 0.4 to 1.7 µm.
Other types of photodetectors in use are photovoltaic cells, vacuum photocells, etc.
Photovoltaic cells are constructed by means of thin film deposition method on metal substrate, and
they are the unit component of a solar array used to generate electricity from sunlight. A lower
sensitivity of the photovoltaic cells renders them suitable for high temperature application only.
In vacuum photocells, an anode is kept inside a glass bulb under vacuum condition. At any given
potential difference between the anode and cathode, electric current in the circuit is a measure of
the intensity of the incident radiation. The quantum well concept is utilized in charged couple
devices (CCD) where a silicon substrate works as a photoactive region unto which the incoming
radiation impinges and creates a charged spot. The produced charges are then transfered for post
processing by means of metal oxide semiconductor field effect transistor (MOSFET) [94]. By
post processing, it is meant that the collected charges could be digitized for storage or could be
transformed into a movie by continuous feedingof the analog data as in the case of a camera.
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4.5.3 Detectivity of Photodetectors
Detectivity of phtotodetectors are gaged by the signal to noise ration (SNR) at a detector
output. Use of a normalized detectivity value is standard practice in the industry. SNR at the
detector output is normalized to unit radiant power in watts (W), unit detector optical area in cm 2
and unit bandwidth in Hz to yield the normalized detectivity expressed as D* for a photodetector.
A higher D* indicates a better detector. D* is given by equation (4.11) [95],
𝐷∗ =

√𝐴∆𝑓
𝑁𝐸𝑃

, 𝑁𝐸𝑃 =

𝐼𝑁
𝑆

(4.11)

where 𝐼𝑁 is the noise current generating from thermal agitation of the electrons, ∆𝑓 is th e electrical
bandwidth of the detector, A is the detector area, and 𝑆 is the responsivity. ‘NEP’ stands for noise
equivalent power.
Photovoltaic (PV) and photoconductor (PC) are the two types of photodetectors that are
used with pyrometers and scanners because of their high detectivity and variation of wavelength
that could be detected [96]. Mercury(Hg)-cadmium(Cd)-telluride(Te), commonly known as MCT
is an alloy of CdTe and HgTe with the generic composition 𝐻𝑔1−𝑥 𝐶𝑑𝑥 𝑇𝑒. Ratio of the constituting
elements could be shifted to achieve detection of different wavelength bands. For example, one
supplier [96] used graded gap MCT structures to achieve MWIR (3-6 µm) and LWIR (8-14 µm)
detection. Thermoelectric cooling achieved according to Peltier effect [97] help reduce detector
noise, increases responsivity, and improves high frequency response. DC biased two, three, and
four stage thermoelectric cooling are avaliable with heat sinks at 200 to 300 K depeding upon the
number of cooling stages used. Figure 4.9 shows how the thermoelectric cooling affect the
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performance of detectors [96]. It could be observed that cooling not only improves detectivity but
also extends the wavelength range that could be detected.

(a) uncooled

(b) 2-stage cooling

(c) 3-stage cooling

(d) 4-stage cooling

Figure 4.9 Spectral response of photovoltaic (PV) detectors made of MCT structures with
and without cooling [96]
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Other ternary alloy systems such as InAsSbm HgZnTe and HgMnTe have been used as
intrinsic detectors.

In addition, GaAs/AlGaAs based quantum well infrared photodetectors

(QWIPs) technology is also being considered because of ease of fabrication and application in
large focal plane array application with comparable performance with MCT. Figure 4.10 shows a
comparison of detectivity between MCT and QWIPs [98].

Figure 4.10 Comparison of directivity between HgCdTe or MCT and GaAs/AlGaAs based
QWIPs photodetectors [998]

4.6 Wavelength Splitting/ Multiplexing
One of the major technical considerations in the fabrication of automatic radiation
pyrometers working based on ratio pyromtery principle is the splitting of the incoming radiation
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into the pyrometer’s operating wavelength. More specifically, any hot object radiates at a wide
range of IR radiation starting approximately at 700 nm and ending at 1 mm. Depending upon the
(a)

(b)

(c)

(d)

Figure 4.11 (a) bandpass filters (b) notch filters (c) short-pass filters (d) long-pass filters [100]
inteneded range of temperature a pyrometer is supposed to measure, a wavelength band in case of
single wavelength pyrometers, two wavelength bands in case of dual wavelength pyrometers, and
88

multiple wavelength bands for multiwavelngth pyrometers need to be fed to the detectors. Such
seperation of the wavelengths from the spectral radiation is achieved by means of wavelength
division multiplexer (WDM) devices. Wavelength multiplexing or splitting of spectral radiation
in multiple sub wavelength bands could be realized by dichroic mirrors, thin-film filters (FFT),
fused fiber coupler devices, arrayed waveguide grating (AWG) technology, interleaver based
technology, etc. Following is explanation of some of these techniques. Wavelength multiplexing

Figure 4.12 Schematic representation of a dichroic mirror placed at 45° with the incoming
radiation [100]
systems consist of filters that may allow the transmission of wavelengths above a cut on
wavelength (long pass filters), below a cut off wavelength (short pass filter), wavelengths in a
narrow range around a specified wavelength (band pass filters), etc. There could be a neutral
density (ND) filtering system that only reduces the intensity of the incoming radiation instead of
dividing them in multiple wavelength bands. Such ND filters are used for beam attenuation for
application in beam diagnostic studies to prevent over exposure of the detectors [99]. A graphical
representation of different types of TFFs are shown in Figure 4.11 [100]
Dichroic mirrors or filters use the principle of interference to separate radiation of different
wavelengths. Such mirrors are placed at an angle of 45° in the optical path and allows certain
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wavelength to pass through and reflect back certain wavelength; thus the splitting occurs. When
electromagnetic radiation is incident upon the interface of two mediums with different refractive
indexes, the reflected radiation would change phase by ½ wavelength if the refractive index of the
second medium is greater than the first one [101]. When multiple thin films coated with different
refractive index materials are stacked on a glass substrate, a dichroic mirror is created that enables
positive interfernce of certan wavlengths that are reflected at right angles from the path of the
radiation. Figure 4.12 shows a schematic represenation of a dichroic filter.
Thin film filters (TFF) is another means of splitting the incoming radiation into selected
wavelengths bands based on the same differential refractive index principle as in the case of
dichroic mirror. In this case, multiple material coating is applied on a glass substrate. These
material coatings allow for internal interferance of radiation with different wavelengths when it
passes through the filter. Based on the chemistry of depositon and the size of thin films, radiation
is refletcted, transmitted, and/or absorbed to render specific filtering effects as shown in Figure
4.12 [100].
Arrayed waveguide grating (AWG) consists of input and output waveguides arranged on a
plane and coupled by two star couplers. Function of the star couplers is to take the input signal
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from one waveguide and split it into several output signals [102] when the AWG is used as

Figure 4.13 Schematic of an arrayed waveguide grating in demultiplexing (splitting a spectral
signal into discrete bands) [103]
demultiplexer. A schematic representatio of the device is given Figure 4.13 [103]. A detailed
description of such a device was given by [104]. In general, AWGs work on the principle of
phasing an array of input radiation by means of free expansion and subsequent passing through a
set of coplanar and parallel waveguids of different lengths. An waveguide centrally positined at
the input star couplar carries an optical signal with multiple wavelengths such as 𝜆1 , 𝜆2 , 𝜆3 , etc.
Once the input optical signal reaches the couplar, it propagates freely in a diverging manner until
getting captured the input array apertures of the output star coupler. The length of the parallely
placed array of waveguides differ from each other by a fixed amount ∆𝐿 related to the central
wavelength, 𝜆𝑐 of the incoming optical signal. Such a change in phase forces the the different
wavelengths within the input signal to be focused on different positions of the image plane. When
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ouput waveguides are placed at these locations of the image plane, the distinctly splitted
wavlengths i.e. 𝜆1 , 𝜆2 , 𝜆3 , etc. are obtained.
4.7 Challenges in Pyrometric Measurements of Metals
4.7.1 Challenge with Changing Emissivity
For a single wavelength pyrometer, when measuring a the surface temperature of a real
non-gray object with changing emissivity, measurement errors could be estimated using the
following equation [72],
𝐸𝑇 = (𝑇𝑚 − 𝑇𝑡 ) ∗

100
𝑇𝑡

%

(4.12)

where, 𝑇𝑚 𝑎𝑛𝑑 𝑇𝑡 are measured and real temperatures respectively. It was shown that for a 20%
change in emissivity an error of 4.8% was observed in temperature measurement; i.e. for a true
surface temperature of 1500 °C, the pyrometer would measure 1573 °C,
Emissivity can change based on surface conditions, such as oxidized and
unoxidized surface, surface roughness, etc. and temperature. A pyrometer calibrated for polished
Ti-6Al-4V alloy would yield an error of 23% in case of a Ti-6Al-4V surface with oxide. The
problem is more pronounced in case of metals with lower emissivity such as aluminum [105].
4.7.2 Dependence of Emissivity on Angle of View
Pyrometers employ Planck’s equation or any modified version of it to determine the
temperature of a surface. However, the requirement of emissivity input to determine temperatures
using a single wavelength pyrometer is a difficult proposition since emissivity changes with factors
such as surface roughness, target temperature, and viewing angle to name a few.
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Radiant intensity of a black body as function of radiation direction is given by Lambert’s
law to be,
(4.13)

𝑊𝑜𝛷 = 𝑊𝑜⫠ 𝑐𝑜𝑠𝛷

where, 𝑊𝑜𝛷 is the total radiant intensity of an area under the solid angle between the radiation
direction and the direction perpendicular to the surface of the heat source, and 𝑊𝑜⫠ is the radiation
intensity of black body in the direction normal to the surface which is approximated as
𝑊𝑜⫠ =

𝑊𝑜

(4.14)

𝜋

Lambert’s equation is affected by the value of observation angle and yields large errors
beyond 𝛷 > 45° for non-black bodies. Such errors are attributed to the dependence of
emissivity of non-black bodies on the observation angle.
In case of a disappearing filament pyrometer, however, radiance is considered to
establish temperature scale instead of radiant intensity. Like radiant intensity, radiance is not
critically dependent on angle of view for black and non-black bodies. Therefore, disappearing
filament pyrometer or any other pyrometer that employs radiance instead of radiant intensity for
temperature measurement, low angle of view would not be a limiting factor.
4.7.3 Error Associated with Longer Wavelength
The relationship between wavelength and frequency of any electromagnetic radiation is
given by the following equation,
𝑐

𝜆=𝜐

(4.15)

Here, 𝜆 and 𝜐 are the wavelength and frequency of the incident radiation, respectively, and 𝑐 is the
speed of light. From the above equation, wavelength and frequency are inversely proportional. In
case of long wavelength radiation received by the photoelectric
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detector of a pyrometer, the intensity reading could be ‘bad’ as discussed in reference [91] and

Figure 4.14 Long wavelength could result in peak broadening and subsequent inaccurate
output of temperature [91]
shown in Figure (4.14). A ‘bad’ signal could be the one that would not have a definite peak and
therefore would result in a higher noise level leading to an erroneous temperature reading.
4.7.4 Selecting the Right Fiber Optic
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Figure 4.15 Basic construction of a fiber optic cable with cladding to provide total internal
reflection of the light signal that falls within angle of acceptance [106]
An optical fiber has the following construction as shown in Figure (4.15) [106]. It consists
of a transparent core and a cladding also of transparent material. Refractive index of the core is
slightly greater than that of the cladding ensuring total internal reflection of the optical signal and
subsequent transmission. Selection of an optical fiber depends on the parameters such as,
acceptance angle and numerical aperture
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Chapter 5: Published Work – Crack-Free Aluminum 6061 Fabrication
Demonstration
This chapter includes the original work by the author of this thesis published in a journal
article. Copyright permissions was obtained from Elsevier and correspondence with the publisher
is included in appendix C.
5.1 Title, Authors, and Affiliations
Processing and Characterization of Crack-Free Aluminum 6061 Using High-Temperature
Heating in Laser Powder Bed Fusion Additive Manufacturing [11]
Authors: Syed Z. Uddina,b, Lawrence E. Murra,c, Cesar A. Terrazasa,b, Philip Mortona,b,
David A. Robersona,c, Ryan B. Wickera,b
Affiliations:
a. W.M. Keck Center for 3D Innovation, The University of Texas at El Paso, El Paso, TX, USA
b. Mechanical Engineering Department, The University of Texas at El Paso, El Paso, TX, USA
c. Metallurgical, Materials and Biomedical Engineering Department, The University of Texas at
El Paso, El Paso, TX, USA
5.2 Abstract
During solidification of many so-called high-performance engineering alloys, such as 6000
and 7000 series aluminum alloys, which are also unweldable autogenously, volumetric
solidification shrinkage and thermal contraction produces voids and cracks. During additive
manufacturing processing, these defects can span the length of columnar grains, as well as
intergranular regions. In this research, laser powder bed fusion (LPBF) of aluminum alloy (AA)
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6061 used powder bed heating at 500 °C in combination with other experimentally determined
processing parameters to produce crack-free components. In addition, melt-pool banding, which
is a normal solidification feature in LPBF, was eliminated, illustrating solidification process
modification as a consequence of powder bed heating. Corresponding microindentation hardness
and tensile testing of the as-fabricated AA6061 components indicated an average Vickers hardness
of HV 54, and tensile yield, ultimate strength, and elongation values of 60 MPa, 130 MPa, and
15%, respectively. These mechanical properties and those of heat treated parts showed values
comparable to annealed and T6 heat treated wrought products, respectively. X-ray diffraction and
optical microscopy revealed columnar grain growth in the build direction with the as-fabricated,
powder-bed heated product microstructure characterized by [100] textured, elongated grains (~ 25
µm wide by 400 μm in length), and both intragranular and intergranular, noncoherent Al-Si-O
precipitates which did not contribute significantly to the mechanical properties. The results of this
study are indicative that powder bed heating may be used to assist with successful fabrication of
AA6061 and other alloy systems susceptible to additive manufacturing solidification cracking.
Key Words: aluminum 6061, laser powder bed fusion additive manufacturing, powder bed
induction heating, crack-free fabrication
5.3 Methodology
5.3.1 Materials
The precursor AA6061 powder used in this study was acquired from LPW Technologies
(LPW-6061-AAGX, LPW Technologies, Pittsburgh, PA). The powder was manufactured from
pre-alloyed AA6061 stock by gas atomization. To minimize oxidation and moisture pickup, the
powders were shipped in vacuum sealed containers containing silica gel pouches. After each
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experiment using LPBF, the powder was stored in stainless steel jars under atmospheric pressure
and covered with the silica gel pouches. During each build, the build chamber was continuously
purged with class 2.2, UN1006 argon (Ar) supplied in a T-type cylinder (SYOXSA®, El Paso, TX).
Samples of the AA6061 powder were collected and characterized using a variable pressure
tabletop microscope from Hitachi (TM1000, Hitachi, Ltd., Tokyo, Japan).

The powder

morphology consisted of spherical and semi-spherical particles with satellites as shown in Figure
5.1 (a). Some irregular shaped or flake powder was also observed. As shown in the histogram of
Figure 5.1 (b), the batch of powder used for this study had a slightly skewed normal distribution
with mean powder size of 27 µm. Powder distribution was skewed towards the finer particles.
The apparent density Hall (ADH) and Hall flow rate (FRH) of the precursor powder were measured
using a Hall flowmeter (Part#2896, Acupowder International LLC,NJ, USA) according to ASTM
B212 and ASTM B213 standards, respectively [107,108] . The ADH and FRH were measured to
be 1.4 g/cc and 77.4 s/50 g, respectively. Besides the standards already mentioned, the powder
characterization in this work adhered to the definitions in ASTM F3049-14.
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A cylindrical build plate was made of T6 treated AA6061 and used as the substrate for
fabrication. The plate had a thickness of 12.5 mm and a diameter of 200 mm (6061-T651
ALUMINUM, Aarmor Metal & Supply Co.,El Paso, TX).

50µm

10µm

Figure 5.1 (a) SEM images of AA6061 gas atomized powder. Powder particles were
spherical, and semi-spherical with satellites. Some irregular shaped powder was
also observed
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Figure 5.1 (b) Histogram of AA6061 powder size distribution

5.3.2 LPBF Fabrication Process
An open architecture AconityONE LPBF system manufactured by Aconity3D (Aachen,
Germany) was used in this study. The AconityONE incorporates a laser system from IPG Laser
GmbH (YLR-1000-WC, IPG Laser GmbH, Burbach, Germany) consisting of an Nd-YAG 1 kW
class 4 laser operating in the near infrared spectrum (λ = 1030 nm). The laser was guided using a
3D scan-head from SCANLAB (varioSCANde40i, SCANLAB AG, Puchheim, Germany). The
overall focal length of the system was continuously adjusted through dynamically positioned
diverging optics. Such adjustment of focal length enabled the laser beam focus to remain constant
on the build plane. Figure 5.2 (a) shows the flat focal plane represented by the solid line (item 6
in the legend) that results from adjustable optics. Figure 5.2 (a) also shows the curved plane as
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represented by dotted curvilinear (item 5 in the legend) that would result if the optics were
1 Diverging optic
2 Focusing optic
3 Motorize deflection
mirror
4 Laser beam
5 Curved focal plane
if optics (1 and 2) were
stationary
6 Flat focal plane since
optics (1 and 2) are
constantly adjusting

Figure 5. 2 (a) Scan-head of the AconityONE system consisting of the Galvo mirrors and f-θ
lens. The optical fiber receives the 1030 nm wavelength, near infrared laser from
the laser module where Nd:YAG crystals were used for solid state amplification.
The scan-head is capable of rastering over an area of 400 mm in diameter.
However, during heated bed configuration a reduced scan area with 200 mm in
diameter is covered.

Table 5.1 Range of LPBF parameters explored to find the crack-free parameter combination
Powder bed
temperature (°C)

Layer thickness
(µm)

Hatch Spacing
(µm)

Power
(W)

Scan speed
(mm/s)

350 - 500

30 - 100

80 - 140

150 - 500

500 - 2800
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stationary.
Another important characteristic of the AconityONE system was the ability to heat the
powder bed. This was achieved with the use of an induction heating system (TruHeat HF Series
3010, TRUMPF Inc., Freiburg, Germany). This induction setup enabled heating of the powder
bed to a maximum of ~1000 °C, although the heated powder bed configuration reduced the
available build area from 400 mm to 200 mm in diameter. The laser module, induction generator,
and transformer required water cooling employing a chiller with 4.9 kW cooling capacity (WKS
151.2M5LE.I, RIEDEL®, Glen Dimplex Deutschland GmbH, Kulmbach, Germany). The laser
could also be air cooled when operated at or below 400 W of power.
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In the current study, the AconityONE system was used to produce AA6061 test coupons
with and without the use of powder bed heating. Build orientation of the coupons are reported
according to ISO/ASTM52921-13 [8]. The cube coupons had dimensions of 10 mm x 10 mm x
10 mm. Also, four cylindrical coupons with 16 mm diameter and 76 mm height were fabricated
rake/re-coater
rail system

re-coater
brush

(i)

x-y scanning system;
mirrors and collimators

(ii)

inert (Ar) atmosphere

precursor
powder

laser
source
fabricated
parts
unused
powder

supplier
cylinder

build
platform
with
induction
heater

cylinder
guide rods
piston

Figure 5.2 (b) A schematic representation of the AconityONE LPBF system used for the
study. (i) Solid state Nd:YAG laser of 1030nm wavelength and 1kW capacity
and an induction heater (not shown in figure) underneath the build platform that
can raise the powder bed temperature to 1000ºC are featured. (ii) The re-coater
brush is made of carbon fiber to impart flexibility and high heat resistance.
in the X direction that were machined afterwards as tensile specimens. The range of scanning
parameters used for the fabrication of the cubic coupons is shown in Table 1. The combination of
500 °C preheating, 400 W laser power, 1400 mm/s scanning speed, 100 µm layer thickness and
140 µm hatch spacing resulted in crack-free fabrication of cubic coupons. It was hypothesized
that larger layer thicknesses increased molten mass and facilitated liquid metal flow at later stages
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of solidification, and thus, increasing layer thickness was explored. However, larger layer
thicknesses have been shown to facilitate porosity formation [109] with porosity being overcome
in some cases by adjusting other parameters such as scanning speed, laser power [110], and laser
hatch spacing, resulting in the parameters explored in the current study. Laser spot diameter [111]
has also been shown to impact porosity, but not studied here. In the current work, the parameters
that resulted in crack-free AA6061 coupons were also used to fabricate the AA6061 tensile
specimens.

The crack-free processing parameters were determined empirically by

experimentation where the absence of cracks, as measured from micrographs, was the acceptance
criteria.
To begin fabrication, the build platform was lowered by a distance equal to that of the layer
thickness, and the supplier powder bed was raised by a height multiple of the layer thickness
depending upon the supply factor to ensure enough supply of the powder. For the current study,
a supply factor of three was used. Powder spreading was carried out by back and forth movement
of a rake tipped with carbon fiber brushes to withstand the high temperature of the build platform
when the induction heater was used. A schematic representation of the AconityONE setup is
shown in Figure 5.2 (b). During the fabrication process, an O2 sensor (ZR5-1.1A, ZIROX GmbH,
Greifswald, Germany) continuously monitored the O2 level of the process chamber in parts per
million (ppm). The O2 level was maintained below 200 ppm throughout the fabrication process to
reduce the oxide formation.
5.3.3 Material Characterization
Density of the fabricated cube coupons with and without powder bed heating was measured
following ASTM standard B311–17 [112] using Archimedes principle. A weighing scale of
0.001g precision (Sartorius M-prove AY303, IL, USA) was used for measuring the weights of the
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coupons, first in air, and then when submerged in water. Three measurements were made per
specimen for each condition (i.e. in air and submerged in water), and the values entered in the
following equation to obtain the density:
𝐷=

𝐴∗𝐸
𝐴−𝐹

where A and F are the measured weights of the specimen in air and in water, respectively,
and E is distilled water density at the working temperature obtained from the tabulated values
provided in the standard [112]. Percent relative density values were calculated by dividing the
LPBF fabricated AA6061 density by the nominal density of AA6061 which is 2.7 g/cm3.
For microstructure analysis, the fabricated specimens were cut and analyzed in the ZX and
XY planes to expose the build direction and the cross-section microstructures, respectively.
Definitions of the planes were determined based on ASTM F2971-13 [113]. Sectioning of the
specimens along the above-mentioned planes was performed using a precision cutter (TECHCUT
5TM Allied High-Tech Products, Inc., Compton, CA, USA). The sections were mounted in 31.8
mm molds using Koldmount liquid and powder mixed in 1:2 ratio. After the resin mixture was
set, the mounted specimens were taken out of the mold, and ground using silicon carbide (SiC)
grinding paper of increasing grit size from #320 to #1200. Grinding was followed by polishing
using a slurry consisting of soap water, ethyl alcohol, and alumina (Al2O3) dispersed on a polishing
cloth. Fine Al2O3 powders with sizes of 0.3 µm, 0.1 µm, and 0.05 µm were used in a final polishing
step. To reveal the microstructure, the samples were exposed to an etchant containing 25 ml
methanol (CH3OH), 25 ml hydrochloric acid (HCl), 25 ml nitric acid (HNO3), and 1 ml
hydrofluoric acid (HF). The specimens were submerged in the etchant for 25 seconds at a time,
followed by rinsing with deionized water. The microstructures were studied using an inverted
optical microscope (Reichert MEF4 A/M, Reichert Inc., New York, USA).
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Texturing and phases precipitated in the AA6061 specimens produced by LPBF were
investigated through X-Ray diffraction (XRD) using a PANalytical EMPYREAN diffractometer
(Malvern Panalytical B.V., Netherlands) equipped with an Anton Paar sample stage XRK 900
(Anton Paar USA, Ashland, VA, USA) operating with 1.54 Å Cu k-α radiation. Scanning electron
microscopy was carried out using a scanning electron microscope (SEM) from Hitachi (SU3500,
Hitachi America, Ltd, New York, USA) operating with an acceleration voltage of 30 kV and
equipped with a Deben (Deben UK, Ltd, London, England) scanning transmission electron
microscope (STEM) detector. Prior to STEM imaging, samples were ground to a thickness of
~200 µm and then electro-jet polished with an electropolisher (Model 110 Automatic Twin-Jet
Electropolisher, Fischione Instruments, Pittsburgh, PA, USA) using a solution of 20% by volume
of nitric acid in methanol at -20 °C.
5.3.4 Mechanical Properties
5.3.4 (i) Microhardness
Microhardness measurements of the specimens were recorded using a Struers hardness
testing machine (Duramin-A300, Struers Inc., Ohio, USA) in the Vickers (HV) hardness scale.
Microhardness testing specimens were prepared from three different conditions; such as, a cube
coupon fabricated without powder bed heating, a cube coupon fabricated with powder bed heating,
and a circular section from the threaded grip area of a T6 heat treated tensile testing specimen after
the tensile testing was performed.

Starting just above the support structure, a total of 10

indentations were made along the build direction of the cube specimens using a load of 100 gf and
spaced in intervals of 1 mm. Microhardness corresponding to the condition of fabrication with
powder bed heating and subsequent T6 heat treatment was obtained by making measurements on
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a specimen prepared from the tensile bar that had undergone tensile testing. A circular cross
section of the threaded grip area of the tensile specimen was mounted in a 31.8 mm mold and
polished before making 15 indentations at different locations of the cross section.
5.3.4 (ii) Tensile Properties
Four tensile testing specimens were machined from AA6061 cylinders fabricated on heated
powder bed in the X direction. Out of those four specimens, two specimens were tested as
fabricated, and the other two were tested after heat treatment to T6 conditions.

Since

demonstration of crack-free fabrication of AA6061 and microstructural characterization were the
focus of the current study, only four specimens were tensile tested. A complete statistical study
of mechanical performance is ongoing using specimens produced in the X, Y, Z , XY+45° and
X+45° orientations as per ASTM F2971-13[113]. The cylinders were built with a diameter of 16
mm and height of 76 mm. Small size specimens with dimensions adhering to the ASTM E8M
−16a standard [114] were machined from the cylinders with a gage length of 30 ± 0.1 mm, and
diameter of 6 ± 0.1 mm at the gage or reduced section. Tension testing of the specimens was
performed using an MTS Landmark Servo-hydraulic test system (Model: 39-075103, MTS
Systems Corporation, USA) using closed-loop control with a set strain rate of 0.015±0.006
mm/mm/min to find the 0.2% yield strength (YS), ultimate tensile strength (UTS), and elongation
at break
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5.4 Results and Discussion
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Figure 5.3 Relative density of AA6061 cube coupons fabricated using different laser power
and scanning speed with and without heating of the powder bed
5.4.1 Density
Relative density of AA6061 cube coupons fabricated with different scan speeds and laser
power was measured as part of the process parameter development study [115].

Density

measurements of 32 specimens, 16 of which were fabricated with powder bed heating and the
remaining 16 without powder bed heating, are shown in Figure 5.3. In general, relative density of
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the cubes fabricated with induction heating was greater than that of the cubes fabricated without
induction heating. A maximum relative density of 98.7% was measured for cube coupons
produced with induction heating. In some parameter sets, the relative densities for the cube
specimens produced with and without powder bed heating were comparable; however, the
presence of cracks in the cube coupons fabricated without induction heating, rendered the
comparison insignificant.
5.4.2 Mechanical Properties
5.4.2 (i) Microhardness
Average Vickers microhardness of the AA6061 specimens fabricated without powder bed
heating was measured to be 90 HV with a standard deviation of 6 HV. For the specimens
fabricated with powder bed heating, the average and standard deviation of Vickers hardness were
54 HV and 2.5 HV, respectively. Microhardness values for the without powder-bed heating
specimens were within the range of 70 – 107 HV which is typical for T6 treated AA6061; whereas,
microhardness for the with powder-bed heating specimens was within the range 52 – 70 HV
reported by Murr et al. [116] for AA6061 produced by friction-stir welding.

Average

Table 5. 2 Microhardness values of LPBF fabricated AA6061 components under different
conditions

Condition

Microhardness

As built without powder bed heating

90±6 HV

As built with powder bed heating at 500 °C

54±2.5 HV

T6 Heat treated sample after fabrication with powder
bed heating at 500 °C

119±6 HV
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microhardness for the tensile specimen fabricated with powder bed heating, and subsequently T6
heat treated, was measured to be 119 HV with a standard deviation of 6 HV. A summary of
Microhardness values for the three
5.4.2 (ii) Tensile Properties
Upon testing of four tensile specimens, resulting YS, UTS, and percent elongation at
breakpoint of LPBF fabricated AA6061 are presented in Table 3 (As mentioned above, printing of
more samples for statistically relevant measurements is ongoing). Mechanical properties of
AA6061 published by ASM International (Ohio, US) were also tabulated for reference [117].
Comparing with AA6061 in annealed condition, an improvement in YS and UTS could be
observed whereas ductility was reduced for the LPBF fabricated parts.

Table 5.3 Comparison of mechanical properties of LPBF fabricated AA6061 and wrought
annealed AA6061 for both annealed and T6 heat treated conditions
YS (MPa)

UTS (MPa)

Percent Elongation at
Breakpoint

Specimen 1

66

133

11

Specimen 2

75

141

15

Specimen 1

282

308

3.5

Specimen 2

290

318

5.4

Wrought AA6061-O

55

124

30

Wrought T6 treated AA-6061

276

310

12

Heated Powder
Bed- LPBF
Fabricated
AA6061
Heated Powder
Bed- LPBF
Fabricated
AA6061 after
T6 Treatment
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5.4.3 Microstructure
5.4.3 (i) Optical Microscopy
Optical micrographs were obtained and analyzed for two AA6061 coupons fabricated with
the AconityONE, one fabricated with unheated powder bed, and the other fabricated with the
powder bed heating at 500 °C. The micrographs in Figure 5.4 correspond to the microstructure
for AA6061 produced without powder bed heating. Figure 5.4 (a) and (b) correspond to the ZX
plane, whereas Figure 5.4 (c) and (d) correspond to the XY plane. The micrographs shown in
Figure 5.4 reveal large cracks in the microstructure in both planes. Along with a high occurrence
of cracks, a high degree of porosity can be appreciated. Similar cracks and porosity have been
reported in other studies that involved LPBF of AA6061 [3,5,15] where the cracks were attributed
to the large solidification range of the alloy. The spherical shape of the porosity is indicative of
gas porosity [110] that could be formed by entrapped process gas, degassing of the metal powder,
or porosity inherent in the metal powder during atomization. The presence of crescent shaped melt
pools and banding of melt tracks are apparent in these micrographs. These melt-pool and melt

111

(b)(b)

(a) (a)

Porosity

(c) (c)

(d)(d)

Melt boundary

Crack

Figure 5.4 Microstructure of AA6061 specimens fabricated on unheated powder bed. Figure
5.4 (a) and (b) illustrate the XY plane (perpendicular to build direction). Figure
5.4 (c) and (d) show the ZX plane (build direction). Cracks, porosity, melt-pool,
and melt-track banding are evident in the microstructure
tracks features are typical of LPBF fabricated microstructures in various material systems [118].
The micrographs in Figure 5.5 illustrate the microstructure of a coupon built with a heated
powder bed. Figure 5.5 (a) and (b) show the microstructure corresponding to the ZX plane, while
Figure 5.5 (c) and (d) correspond to the XY plane. By contrast with the observations in Figure
5.4, these micrographs show no cracks and greatly reduced porosity overall. It is also significant
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to note in Figure 5.5 (c) and (d) that the characteristic melt-pool banding shown in Figure 5.4 (c)
and (d), and a normal solidification feature of LPBF, has been eliminated. This is indicative of

(a)

(b)

(c)

(d)
Grain boundary

Figure 5.5 Microstructure of AA6061 specimens fabricated on powder bed heated to 500 °C.
Figure 5.5 (a) and (b) illustrate the XY plane (perpendicular to build direction).

Figure 5.5 (c) and (d) show the ZX plane (build direction). Cracks, porosity,
melt pool, and melt-track banding removed from the microstructure, and a
columnar grain growth is observed in the build direction
significant solidification process modification resulting from the powder bed heating.
In addition to somewhat traditional, elongated (and ellipsoidal) grains observed in the build
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direction as shown in Figure 5.5 (c) and (d), having average lengths of roughly 0.4 mm and widths
of ~40 μm (a 10/1 ratio of length to width), there is a propensity of precipitates within the grain
boundaries that appear somewhat homogeneously distributed throughout the matrix.

The

columnar grain boundaries decorated with precipitates are indicated with arrows in Figure5.5 (d).
As shown in Figure 6, these precipitates appear to be noncoherent dispersoids, having sizes ranging
from ~ 200 nm to as large as 5 μm, with interparticle spacings averaging ~ 1-3 μm. Energy
dispersive x-ray spectrometry (EDS) analysis of numerous particles indicated primarily Al-Si-O,
often with high oxygen concentrations. These particles are not the usual strengthening particulate
compositions in tempered AA6061 alloy [119,120], and do not appear to have a significant role in
strengthening the as-fabricated LPBF product where the average Vickers micro-indentation
hardness was HV 54 (540 MPa); and with corresponding ranges for mechanical properties of 60
to 75 MPa for yield strength, 130 to 140 MPa for ultimate tensile strength, and 11% to 15% for
elongation. These as-fabricated mechanical properties correspond to annealed, wrought (or zero
temper) AA6061 products where the Vickers microindentation hardness can range from HV 40 to
HV 70 (400 to 700 MPa); while the corresponding yield strength, ultimate tensile strength, and
elongation can range from 50 MPa –110 MPa, 110 MPa – 150 MPa, and 14% – 25%, respectively.
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This precipitate composition probably arises because of powder bed heating.

(a)

10µm

(b)

Figure 5.6 SEM (a) and STEM (b) images of primarily Al-Si-O noncoherent precipitates
shown in Figure 5.5. The same area is imaged in (a) and (b) and the
magnification for both is given in (a).
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(a)

(b)

(c)

Figure 5.7 Representative stress-strain diagram of LPBF fabricated AA6061 specimens as
fabricated and T6 heat treated. Figure 5.7(b) Solid cylinders built in X direction
and still on build plate; tensile specimens were machined out of these cylinders.
Figure 5.7(c) LPBF fabricated AA6061 tensile testing specimen after fractured
The as-fabricated, inductively-heated powder bed components were also subsequently heat
treated to produce a T6 temper by solutionizing heat treatment at 520 °C for 50 min., water
quenching, and aging at 210 °C for 50 min.; and cooling to room temperature (25 °C) at 3 C/min.
This treatment produced a yield strength ~ 280 MPa, ultimate tensile strength of ~ 310 MPa, and
an elongation of 3.5%. While the yield and ultimate tensile strength values were at the upper end
of the T6 temper, the elongation was below the normal low of around 5% for this temper. Resulting
tensile properties of the LPBF fabricated AA6061 are compared with that of wrought AA6061 in
Table 3. Representative stress-strain diagrams for one tensile specimen of each type are shown in
Figure 5.7(a). Figure 5.7(b) depicts solid cylinders built in the X direction that were machined as
tensile specimens for monotonic tensile testing, and Figure 5.7(c) shows one of the tested
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specimens after fracture. The yield strength and ultimate tensile strength of LPBF fabricated
specimens were comparable to the corresponding properties of the wrought products. However,
loss of ductility was noted in the LPBF fabricated specimens, which is expected to improve with
further parameter optimization and process improvement.
As pointed out by Coniglio and Cross [121] and Rappaz, et al. [122], during solidification
of aluminum alloys such as 6061, volumetric shrinkage and thermal conduction along columnar
grains, especially, produces voids and associated hot cracking which spans the entire grain length
as well as adjoining grain boundaries as shown typically in Figure 5.4. Martin, et al. [25] have
recently demonstrated that cracking can be avoided in aluminum alloys by introducing
nanoparticle nucleants to control solidification through grain refinement during LPBF fabrication.
Here (Figure 5.5) we have demonstrated that by heating the powder bed during LPBF fabrication
of AA6061 to reduce solidification undercooling, cracking is eliminated even for elongated grains
in the build direction as well as a corresponding and essentially equiaxed grain structure in the
plane perpendicular to the build direction (Figure 5.5); having a preferred [100] texture parallel
and perpendicular to the build (solidification) direction (Figure5.8).

The large thermal

conductivity as well as the high heats of fusion for aluminum alloys such as 6061 also contribute
to the difficulty in achieving substantial undercooling, and powder bed heating significantly
reduces these thermal barriers as well.
5.4.3 (ii) XRD
The XRD spectrum (Figure 5.8) as noted above, revealed a preferred grain texturization in
(200) orientation in both the builds, with and without induction heating of the powder bed. The
(200) direction was also dominant regardless of the build direction (vertical section) or the
perpendicular to build direction (horizontal section). Although (200) was the preferred texture for
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crystallographic orientation, a difference was observed in its texturing intensity between the builds
with heated and unheated powder bed. In the unheated powder bed, the intensity of the peaks was

Figure 5.8 XRD spectra for AA6061 fabricated with and without heating of the powder
bed (a) and (b) show XRD spectra in unheated XY and ZX reference planes.

(c) and (d) show XRD spectra in heated XY and ZX reference plane.
similar in direction and intensity in the build direction and the perpendicular to build direction
except for a slight suppression of the (220) plane in the build direction. Meanwhile a notable
difference in texturing was observed between the horizontal and vertical section of the specimens
built with powder bed heating. With the heated powder bed, the vertical section was strongly
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textured with (200) planes whereas those planes were somewhat suppressed in the horizontal
section. Such a texturing is attributed to the columnar grain growth in the build direction as shown
in Figure 5.5., and characteristic of many other laser and electron beam fabricated metals and
alloys [123].
5.5 Conclusion
In this study, AA6061 test coupons were fabricated using LPBF technology assisted with
powder bed heating resulting in crack-free components. Crack-free fabrication of AA6061 has
been a challenge for the AM community for some time. The use of powder bed heating during the
fabrication process altered the thermodynamics such that cracking was prevented. Instead,
columnar grain growth and large noncoherent precipitates (Al-Si-O) were observed in the
microstructure while typical melt-pools and melt-track features characteristic of LPBF fabrication
were eliminated. In addition, crack-free tensile specimens fabricated in the current study showed
yield strength and ultimate tensile strength comparable to wrought AA6061 both in annealed and
T6 heat treated conditions although with a reduced ductility. Unlike the prior work by Martin, et
al. [15] where Zr nanoparticle nucleants were added to precursor AA6061 and other aluminum
alloy powders, the present study eliminated solidification-associated cracking by high temperature
heating of the powder bed. This may be a simpler and much more direct approach to reduce
solidification undercooling in powder bed AM. With better understanding of the role of powder
bed heating in combination with other processing parameters such as laser power, scanning speed,
layer thickness and hatch spacing that dictate the size and shape of melt-pool, the current approach
could be employed in LPBF fabrication of other crack susceptible alloys.
In summary, the contributions of this work include:
•

Fabrication of crack-free and pure AA6061 using LPBF was demonstrated using high
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temperature powder bed heating. The approach did not require nucleation or other
alloy modifying aids but was solely achieved using powder bed preheating by means
of an induction heater that enabled elevating the temperature of the bed during
fabrication up to 1000 oC with a set point of 500 °C used for the crack-free AA6061
demonstration.
•

The high temperature preheating of the powder bed resulted in removal of melt-pool
banding that is traditionally associated with LPBF fabrication, and the nucleation of
large noncoherent precipitates that were evident in the columnar grain boundaries of
the produced material.

•

The mechanical properties obtained for the AA6061 produced with this method were
comparable to those of wrought AA6061, except for elongation at breakpoint.

In closing, the current study indicates that high temperature powder bed heating with
modified processing conditions (i.e., laser power, scan speed, hatch spacing, layer thickness) can
be influential in deterring crack formation in alloys with large solidification range such as AA6061.
Research is ongoing to more completely understand the processing parameters that are responsible
for crack formation during LPBF fabrication of highly crack susceptible alloys such as AA6061,
leading to successful LPBF processing of these commonly used alloys for practical products.
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Chapter 6: Results
This chapter includes the results from the study of metal powder emissivity inside a dental
furnace modified for optical access when the temperature measurement was performed using a
MW pyrometer and a thermocouple. The results of the research regarding difficult to process
metallic materials using LPBF AM technology was presented in Chapter 5 under the title:
Published Work - Crack-Free Aluminum 6061 Fabrication Demonstration.
Metal powders undergo different material states during laser powder bed fusion (LPBF)
additive manufacturing (AM) process. These different material states could be identified as solid
powder, liquid melt pool, and bulk metal after solidification. Emissivity of the metals at all these
states vary from each other and therefore, poses a challenge in temperature measurement using
pyrometers in which emissivity values are needed as input for accurate measurements. However,
multiwavelength (MW) pyrometers would not require any prior information about the emissivity
of the target and provide accurate temperature measurement along with a real-time emissivity
value [76]. Such capability of MW pyrometers was explored in the current research to evaluate
metal powder emissivity at different high temperatures with a view to establishing infrared (IR)
thermography for LPBF processes monitoring in future. This development would help process
control, process qualification and standardization by providing information about the thermal
environment of the build. As well as using a commercially available MW pyrometer named FMPI
SpectroPyrometer (FAR Associates, OH, USA), an in-house algorithm was also applied to
calculate temperatures using the raw data stored in the instrument. Such development would open
possibilities to design and fabricate MW pyrometers for dedicated application in LPBF process
and subsequent use in IR therography. The following sections describe the materials that were
used for the study, measurements made using the setup and interpretation of results.
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6.1 Materials Under Study
Four different metal powders, such as Ti-6Al-4V, AlSi10Mg, aluminum 6061 alloy
(AA6061) and unalloyed copper (Cu) were used for the study. To determine the size distribution
of these powders scanning electron microscopy (SEM) images were taken using a variable pressure
tabletop microscope from Hitachi (TM1000, Hitachi, Ltd., Tokyo, Japan). A histogram of powder
particle diameters as determined from those images revealed the particle size distribution of the
materials. At least three different images were evaluated for each material. The SEM images also
depicted the morphology of the powder materials.
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Particle size distribution and SEM images of the Cu powder used for the study using are
presented in Figure 6.1 (a) and Figure 6.1 (b), respectively. EPBF grade powders usually have a
larger particle size distribution when compared to LPBF process. The EPBF grade Cu powder had
a mean powder diameter of 70 µm with a slightly skewed normal distribution to the left of mean

(a)

(b)

Figure 6.1 (a) Particle size distribution of Cu powder (b) SEM image of the Cu powder used
for the current study showing spherical powder with a lot of satellites and
irregular shape powder
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value. Frigola et al. [124] reported similar particle size distribution and morphology of Cu powder
particles size intended for EPBF fabrication. According to Frigola et al. [124] it could be inferred
that the abundance of satellites in Cu powder indicated gas atomization during fabrication of the
batch. Powder particle size and morphology has strong implication in powder bed fusion AM
processes since this property would dictate flowability of the powder, thermal conductivity and
liquid metal flow in the melt pool [124]. Perhaps more important aspect of particle size distribution
within the scope of this thesis is the effect of particle size distribution on temperature measurement
that will be discussed in following sections. The current section will keep discussing the particle
size distribution and morphology of Ti-6Al-4V powders.
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Ti-6Al-4V powders with two different particle size distributions were used in the current
study. The size distribution histogram and SEM images of the EPBF grade Ti-6Al-4V powder are
shown in Figure 6.2 (a) and (b), respectively. This powder had a mean particle size of 53 µm and

(a)

(b)

Figure 6.2 (a) Particle size distribution of Ti-6Al-4V powder of EBM grade (b) SEM image
of the Ti-6Al-4V powder of EBM grade used for the current study showing
spherical powder
a normal distribution around mean. Compared to the EPBF grade Cu powder, Ti-6Al-4V had a
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smaller size distribution. Also, comparing SEM images of similar magnification it was observed
that the Ti-6Al-4V powders had a lower number of satellites compared to the Cu powder. This

(a)

(b)

Figure 6.3 (a) Particle size distribution of Ti-6Al-4V powder of LPBF grade (b) SEM image
of the Ti-6Al-4V powder of LPBF grade used for the current study showing
mostly spherical powder with occasional satellite
different in morphology will later be useful when the comparison of between emissivity is drawn.
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The LPBF grade Ti-6Al-4V powder had a left-skewed powder particle distribution with a
mean particle diameter of 20 µm. The particles were mostly spherical with occasional satellites
as shown in Figure 6.3 (a) and (b).
6.2 Comparison of Measured Temperatures
Ti-6Al-4V powders with two different particle size distributions, EPBF grade Cu powder,
AlSi10Mg of LPBF grade and AA6061 of LPBF grade were heated according to cycles presented
in Table 6.1. All the materials were heated to the corresponding maximum temperature at a rate

Table 6.1 Material and operating condition. A ramp of 10 ºC/min was used in all cases to
heat up the material to the maximum temperature
Material

Grade

Ti-6Al-4V
Ti-6Al-4V
Cu
AlSi10Mg
AA6061

EPBF
LPBF
EPBF
LPBF
LPBF

Maximum temperature
(ºC)
950
950
950
600
600

Environment
Argon
Argon
Argon
Argon
Argon

of 10 ºC/min and cooled back to room temperature in argon environment.
These temperatures were measured simultaneously using the pyrometer and chamber
thermocouple. The MW pyrometer measured temperature on exposed surface of the powder held
in the crucible and the thermocouple measured temperature amid air approximately half way down
the height of the heating chamber. Location of measurements were shown in the pictures included
in the description of the experimental section. The heating chamber inside the modified Whipmix
Pro 200 furnace had the following dimensions, such as 3 3/4 W x 2 1/2 H x 3 3/4 D inches.
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Figure 6.4 (a) and (b) shows a comparison between the temperature measurement obtained
(a)

(b)

Figure 6.4 Comparison of temperature measured by the pyrometer and the thermocouple
when EBM grade Ti-6Al-4V was heated up to 950 °C Figure 6.4 (a) and (b)
demonstrates the comparison during heating up and cooling down, respectively
by the MW pyrometer and the heating chamber thermocouple. Data plotted in Figure 6.4 was
obtained during experimentation with EBM grade Ti-6Al-4V powders in the furnace where the
material was heated to approximately 950 °C and subsequently cooled down to room temperature
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in argon environment. The superposition of the two curves during the heating, holding and cooling
down stages as shown in Figure 6.4 (a) and (b) confirmed the following,
i)

thermal equilibrium was achieved inside the heating chamber for the maximum heating
ramp of 10 °C/minute used for the experiments

Figure 6.5 Comparison of measured temperature, that was obtained as an output from
the MW pyrometer, with the temperature calculated by algorithm applied
by the author
ii)

accuracy of the temperature measurements by MW pyrometer was maintained as the
measured temperature was found to be within ±3 ºC of the heating chamber
thermocouple

6.3 Demonstration of Temperature Calculation Using Intensity Data
The reliability of the data obtained using FMPI MW SpectroPyrometer was confirmed in
the results shown in section 6.2 where the reading of the temperature matched within ±3 ºC of that
of a K-type thermocouple, identified as ‘heating chamber thermocouple’. However, the MW
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pyrometer only provided the output temperature and the emissivity without any demonstration of
the methodology used for the calculating the temperature. For a better understanding of the
measurement process and underlying principles of MW pyrometry, an in-house algorithm was
applied to the intensity data stored by the instrument. Such endeavor could facilitate the design
and fabrication of accurate temperature measurement instrument dedicated for the LPBF process.
Following is a step by step demonstration of the calculation of temperature using a set of raw
intensity data during the heating of AlSi10Mg in the modified furnace.
6.3.1 Understanding the .dat File
Every time an instance of measurement is made, the SpectroPyrometer creates a .dat file
in the user designated folder; for the current case, the location of the .dat files were in the C drive
of the computer connected to the pyrometer. For each temperature output, a unique data file is
created. For example, given that during a measurement session of one minute, the instrument is
set to log temperature output every one second, then 60 data points are expected out of that session
of measurements. For each of these temperatures output a unique dat file, such as 001.dat, 002.dat,
etc. up to 060.dat are created. Each of these data files contains the intensity values with
corresponding wavelengths. The intensity values are in arbitrary units according to the factory
calibration of the instrument. The .dat files contain no header. These files start with a single row
of numbers and contain numerical values in nine columns. Starting with the second row, the data
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is more structured in such as a way that it has five columns in each row. According to the manual,

Table 6.2 Raw intensity data file i.e. .dat file obtained from the MW pyrometer after
annotations

these columns were identified with the labels mentioned in the following Table 6.2. These data
files store intensity data for wavelengths values up to approximately 1650 nm in 2 nm resolution.
For the calculation of temperature, wavelength data and the corrected intensity data from the above
table are used.
6.3.2 Calculation of Temperature
To calculate the temperature, intensity values corresponding to wavelengths at 50 nm
interval would be gathered together. For example, a data file named Temp6188.dat that was
obtained during the heating of AlSi10Mg could be considered.

During that session of

measurements, a total of 18192 data files were created. Out of these data files, Temp6188.dat was
chosen here for demonstration. According to the algorithm, the data file would be sub-divided in
segments with wavelengths in the 50 nm interval, such as 850 nm, 900 nm, up to 1650 nm. Then
ratio temperatures of these wavelength-intensity pair would be calculated using the formula given
in equation 6.1.
𝑇12 =
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1
1
− )
𝜆1 𝜆2
𝜆
𝑙𝑛𝑅−5ln( 2 )
𝜆1

𝐶′(

(6.1)

𝐼

where, 𝑅 = 𝐼1 is the ratio of intensities at wavelengths 𝜆1 and 𝜆2 . C’= 1.438x107 is an optical
2

constant related to the instrument. In Table 6.3, schematic representation of the calculated ration

Table 6.3 Schematic matrix of calculated ratio temperatures using equation 6.1
Wavelength
λ1
λ2
λ3
λ4
λ5
λ6
λ7

λ1
0
0
0
0
0
0
0

λ2
T12
0
0
0
0
0
0

λ3
T13
T23
0
0
0
0
0

λ4
T14
T24
T34
0
0
0
0

λ5
T15
T25
T35
T45
0
0
0

λ6
T16
T26
T36
T46
T56
0
0

λ7
T17
T27
T37
T47
T57
T67
0

λ8
T18
T28
T38
T48
T58
T68
T78

Table 6.4 Calculated ratio temperatures using equation 6.1 from data file ‘Temp6188.dat’

Wavel
ength
(nm)
1200

1200

1250

1300

1350

1400

1450

1500

1550

1600

0

913.8

911.0

910.0

909.5

909.0

908.2

907.1

905.6

1250

0

0

908.0

907.8

907.8

907.5

906.8

905.6

904.0

1300

0

0

0

907.6

907.7

907.4

906.5

905.1

903.2

1350

0

0

0

0

907.8

907.2

906.0

904.3

902.1

1400

0

0

0

0

0

906.6

905.1

903.0

900.5

1450

0

0

0

0

0

0

903.4

901.0

898.2

1500

0

0

0

0

0

0

0

898.5

895.3

1600

0

0

0

0

0

0

0

0

891.9

temperature matrix was given and in Table 6.4 actual ratio temperature calculated according to the
MATLAB® scripts given in appendix C was provide. For actual calculation the data file named
‘Temp6188.dat’ was used from the data set of AlSi10Mg heating experiment. The temperatures
in Table 6.4 are in Kelvin. To find the unique temperature corresponding to the data file
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‘Temp6188.dat’, average of all these temperatures were taken which was 905.3 K.

The

corresponding temperature in Celsius unit is found by subtracting 273 from the 905.3 K and doing
so one would obtain 632.3 °C. The temperature output obtained from the SpectroPyrometer’s log
was 628.2 °C. This is way all the calculated temperature was obtained.
Figure 6.5 shows a comparison between the temperature measured by the MW pyrometer
and the calculated temperature from the raw data files. Calculation steps were also mentioned in
Chapter 3 under section 3.5 and the MATLAB® scripts and functions used are presented in the
appendix section of the thesis document. The data presented in the Figure 6.5 was obtained during
the heating up to 650 °C and subsequent cooling of the AlSi10Mg powder inside the modified
furnace explained in the experimental section 3.2.3. The main objective of this portion of the study
was to develop capability for calculating the temperature using intensity data with the view that
the algorithm could later be utilized in dedicated in situ monitoring instrument for LPBF AM
process.
During the experiment the AlSi10Mg was heated to 650 °C from room temperature. The
lowest temperature the FMPI SpectroPyrometer (FAR Associates, OH, USA) could measure was
350 °C. The reason that the instrument could only measure the temperature above 350 °C was due
to the lack of radiance energy emitted from the target. Any target with a temperature lower than
350 °C would not radiate enough energy to be discerned from the background radiation. In
addition, lower temperature would require longer exposure time which would compromise the
speed of measurement. Therefore, experimental data for 1 hour and 40 minutes could be captured
by the instrument as could be observed from the time axis in Figure 6.5 although the experiment
went on for approximately 3 hours and 30 minutes. However, the region of interest i.e. the
temperature during the heating and cooling stages were captured. During this period a total of
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18192 data files were generated consisting of the intensity values for the wavelength range of 850
nm to 1650 nm. Data file 001 to 9800 represented the heating stage and the rest up to 18192
represented the cooling stage. As shown in the Figure 6.5, author’s algorithm matched the
instruments original algorithm better during the cool down stage than the heating up stage. Further
study for an enhanced algorithm that would enable the development of a MW pyrometer system
dedicated for metal AM processes is underway.
6.4 Emissivity Measurements of Different Powder Materials and Comparison
The furnace setup explained in section 3.2.3 was used for heating up different powder
materials such as Ti-6Al-4V, Cu, AlSi10Mg, etc. Emissivity measurements of these powders were
obtained using the SpectroPyrometer system. In Figure 6.6 and Figure 6.7, emissivity values
obtained for the experiments with EPBF and LPBF grade Ti-6Al-4V were plotted against
temperature for the heating and cooling steps of the thermal cycles, respectively.
It can be observed from Figure 6.6 that the emissivity of EPBF grade Ti-6Al-4V powder
is greater than the emissivity of LPBF grade Ti-6Al-4V powders. It was determined in section 6.1
that the EPBF grade Ti-6Al-4V powder had a mean particle size of 53 µm whereas the LPBF grade
Ti-6Al-4V powder had a mean particle size of 20 µm. Clearly the EPBF grade powder had a larger
particle size distribution. Following from that information it could be argued that larger powder
particles showed greater emissivity in the IR range of 850 nm to 1650 nm which was the measuring
wavelength range of the MW pyrometer. Similar observations were made by Fletcher et al. [125]
when working with coal particles of different size distributions; larger the particle size distribution
more was be the emissivity.
Interestingly, measured emissivity values were different for the heating and cooling stages
of the thermal cycle as observed when Figure 6.6 Figure 6.7 were compared. Such observation
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Figure 6.6 Change of emissivity with temperature during the heating of Ti-6Al-4V. Two
different particle sizes, i.e. EPBF and LPBF grade powders were tested and

compared
could be attributed to oxidation of the metal powder as evident from the change in powder color
after the thermal cycles and XRD analysis on the samples afterwards where sharp peaks of TiO2
was detected.

During the heating up part of the thermal cycle, emissivity increased with

temperature up to approximately 550 ºC and remain in the range of 0.8 to 0.9 for the remaining
heating and all of cooling stage. This variation of emissivity could be driven by several factors
such as,
i)

change in temperature

ii)

change in chemical composition due to oxidation
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Figure 6.7 Change of emissivity with temperature during the cooling of Ti-6Al-4V. Two
different particle sizes, i.e. EBM and LPBF grade Ti-6Al-4V powders and EBM

powder with a different material i.e. copper powder were tested and compared
In an experimental study of emissivity of metal surfaces Li et al. [126] observed that emissivity of
surfaces increased with oxidation and remained less affected by temperature change as more and
more oxidation of the surface took place.
During the cool down stage, the emissivity of metal powders increased with
decreasing temperature. Higher emissivity at lower temperatures were also observed by Sih et al.
[127,128] for metal powder bed.

On this note, the seemingly counterintuitive increase of

emissivity with temperature during the heating of the powders could be explained by the
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hypothesis that there could be multiple physicochemical phenomena driving the emissivity
changes. One of them being the oxidation process happening during the heating process could
overtake the dynamics of emissivity changes and surpass the effect of temperature on emissivity
change, and thereby, resulting in overall increase in emissivity during heating up stage.

Figure 6.8 Change of emissivity with temperature during the heating of Ti-6Al-4V. Two
different particle sizes, i.e. EBM and LPBF grade Ti-6Al-4V powders and a
EBM powder with a different material i.e. copper powder were tested and
compared
In comparison with EPBF and LPBF grade Ti-6Al-4V alloy powders, Cu powder showed
greater emissivity during both, the heating and cooling stages as observed in Figure 6.7 and 6.8.
One of the factors for Cu to show higher emissivity could be the different chemical compositions
of the two materials. However as noted by Rozenbaum et al. [129] when studying the emissivity
of alumina particles, the chemical composition alone could not determine the emissivity of a
material, and surface morphology also influenced emissivity. Visual comparison of the SEM
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images of the Cu and Ti-6Al-4V powder showed that Cu powder had more satellites than Ti-6Al4V powder. Therefore, increased emissivity of the Cu powder could also be the result of this
morphological feature. In addition, the satellites in Cupowder would increase the effective size of
the powder particles as reported by Frigola et al. [124] which could also result in increased
emissivity.
Emissivity of aluminum-based alloys such as AlSi10Mg and AA6061 powders were
studied for emissivity. The general trend for emissivity variation during heating and cooling stages
were maintained for these metallic materials, also. As shown in Figure 6.9, an increase in
emissivity was observed during the cool-down stage.

Figure 6.9 Comparison of emissivity of AA6061 and AlSi10Mg when cooled down
from 650 °C to 350 °C
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6.5 Results from in situ monitoring of AconityONE
One of the goals of studying emissivity of metal powders was to implement an in situ
monitoring system for accurate surface temperature measurement in AconityONE machine. To
achieve that the setup explained in section 3.4 was implemented. The measurements obtained

(a) Temp002.dat

(b) Temp019.dat
Processing laser
1070 nm

Figure 6.10 The two most typical data files obtained during the in situ MW pyrometer
measurement in AconityONE machine. The corresponding temperature outputs
were given underneath the intensity graphs where high value of tolerance for the
measurement affected with processing laser indicates lack of accuracy. The
other measurement however captured the accurate surface temperature measured
on a powder layer atop the pre-heated build plate
using the FMPI SpectroPyrometer (FAR Associates, OH, USA) during these in situ monitoring
sessions consisted of two distinct intensity profiles in the near IR range of 850 nm to 1650 nm.
For most of the measurements obtained, the intensity of the above-mentioned wavelengths
resemble that of Figure 6.10. However, when the processing laser at 1070 nm operated, the high
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intensity of the laser effectively ‘blinded’ or outweighed the thermal intensity and resulted in the
intensity profile like that in Figure 6.10 (b). The temperature obtained using this intensity profile
would therefore be inaccurate as rightly captured by a high tolerance value of 19.33 °C. These
measurements show that the MW pyrometer could not only provide a measurement of accurate
surface temperature, it also quantifies the accuracy of the measurement. Therefore, this technique
of temperature measurement could be used in in situ monitoring of LPBF process after solving the
processing laser intensity issue. Recommendations regarding the improvement of the system for
such applications are provided in Chapter 7.
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Chapter 7: Conclusions and Recommendations
7.1 Conclusions
An open architecture AconityONE LPBF system was used for crack free fabrication of
AA6061 test coupons such as 10 mm3 cubes and tensile specimens. A commonly practiced
approach of parameter modification such as experimentation with laser power, scan speed, hatch
spacing, layer thickness, and powder bed heating was adopted to locate processing parameters so
that crack would not occur. Use of high temperature powder bed heating could be useful for defect
free fabrication of other crack prone metallic materials with similar solidification characteristics.
Mechanical properties of the LPBF AM fabricated AA6061 specimens resembled that of the
wrought counterparts except for a reduced ductility in the AM fabricated specimens. Enlarged
precipitates were observed in the SEM images which could be a result of high temperature heating
of the powder bed.
In situ measurements of the true surface temperature was deemed necessary to understand
the changes in processing conditions resulting from the introduction of high temperature powder
bed heating and its effect on the thermal environment of the build. A MW pyrometer system was
used with modified and newly designed windows of AconityONE machine. Effect of processing
laser of 1070 nm was detrimental to the temperature measurement using the MW pyrometer since
the instrument had a measuring wavelength range of 850 nm to 1650 nm. A
To facilitate IR thermometry of the build area, knowledge of the emissivity of different
segments of build area would be necessary. To measure and obtain emissivity profile of the metal
powders, such as Ti-6Al-4V of two different size distributions, Cu, AlSi10Mg, and AA6061, a
dental furnace was modified for optical access and controlled environment using argon flow and
vacuum. The setup worked for the emissivity measurements, but the metallic materials heated
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inside the heating chamber generally oxidized. A discussion on the tenacity of oxidation problem
follows in section 7.2.1. In addition to the experimental set up for fundamental pyrometry, an
algorithm to determine the temperature using intensity vs wavelength data was implemented which
could be used for developing metal AM specific temperature measurement device after further
improvement of the algorithm.
7.2 Recommendations for Future Work
In course of the projects that resulted in the current thesis, quite a few questions came along
that could not be explored within the scope of this thesis. These unanswered questions can be
formulated into future research endeavors and may result in findings worthwhile for the AM
community. Following recommendation could be made based on the current study:
7.2.1 Use of High Temperature Powder Bed Heating
Use of high temperature powder bed fusion for metallic and ceramic materials can be
explored in further detail. In particular, the processing of AA7075 and AA2024 using LPBF
technology without the requirement for any pre-processing of the alloy, such as doping with crack
deterrent foreign particle, would be of immense interest for the aerospace and automotive industry.
These two alloys have solidification characteristic curves like AA6061, the observable crack free
fabrication of which was demonstrated in this study. AA6061 has a range of applications, both in
low cost products such as bicycle frames to high end application such as aerospace fuselage
stringers. On the other hand, AA2024 and AA7075 are more specifically used in aerospace, marine
and transportation industries due to their higher strengths compared to AA6061 [130]. Therefore,
crack free LPBF fabrication process development of AA2024 and AA7075 might have greater
industrial benefits.

Since all these alloys have similar solidification characteristics, high
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temperature powder bed heating could potentially solve the issue of crack formation during LPBF
fabrication for all them.
In addition, development of methods for controlling the growth of precipitates beyond an
acceptable limit can be pursued since such growth of precipitation could be detrimental to the
fatigue properties of the parts produced using high temperature LPBF process.
7.2.2 Oxidation Problem
This issue could be analyzed from two broad perspectives relevant to the current thesis.
Such as,
i.

oxidation of metal powders used in powder bed fusion (PBF) processes and
corresponding manufacturing difficulty along with degradation of product quality

ii.

error in temperature measurement associated with the oxidized target i.e. LPBF
powder in this case

Grell et al.[131] reported drastic loss of impact toughness of electron powder bed fusion
(EPBF) products fabricated using a 3 wt% oxidized and 97% virgin Ti-6Al-4V powder. On the
other hand, oxidation changes the emissivity of metal powder and alters temperature
measurements. For example, as reported by Fletcher et al.[125], a dual wavelength pyrometer
operating at 3 µm and 4 µm, overestimated the temperature of coal particles by 200 K i.e. when
the accurate temperature would be 1500 K, the pyrometer measured 1700 K due to the emissivity
variations at these wavelengths.
Oxidation of metal is a multi-physical phenomenon. It involves oxygen partial pressure,
the chemical composition of the material, environment temperature, time, etc. as influencers only
to name a few. Metal oxidation is not a high temperature phenomenon which is a common
misunderstanding. There are two distinct types of oxidation process, high temperature process
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that operates above 100 °C and low temperature process that operates below 100 °C for all the
metals except the noble metals such as gold due to its low reactivity [132]. Therefore, realizing
totally oxidation free process would be impractical. For example, in the testing condition of the
current thesis, ultra-high purity (UHP) argon i.e. 99.9995% pure argon was introduced to the
furnace at a pressure of 3 psi. Ideally, UHP argon is supposed to contain <1 ppm oxygen. Even
that 1 ppm oxygen at 3 psi pressure would result in an oxygen partial pressure, P02 of 0.02 Pa
[133]. Hitoshi et al. [134] reported oxidation of bulk iron at 573 K temperature with a P02 of 0.01
Pa. There two things to notice, one, powder materials have larger surface area than bulk materials,
and two, Ti alloys are greater oxygen getters than iron. Therefore, metal powder oxidation is
common.
With that acknowledgement, the following steps could be recommended to slow down the
oxidation process during continuous high temperature exposure of metal powders,
•

passing the UHP argon through tube furnaces containing Ti meshes at high
temperature for further purification of the inert gas before introducing to the PBF
process chamber

•

reducing the number of external connections to the process chamber lest low
pressure zone should be created around those pass throughs and air would be
introduced to the system due to venturi effect

Before implementing the solution, quantification of the problem would be necessary.
Therefore, oxygen analyzer should be used to determine the partial pressure of oxygen present in
the furnace.
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7.2.3 Establishing Temperature Mapping of Build Area in LPBF Process
Given that emissivity variation of metallic materials occurs with temperature, phase,

Figure 7.1 Laser-powder interaction occurs in zone 1. Zone 1, 2,3, and 4 could be different in
phase and temperature and therefore differ in emissivity. To truly map the build
area using an IR camera would require emissivity feedback from the MW
pyrometer array
surface finish etc., establishing IR thermography to truly map the powder bed becomes even more
challenging. One of the schemes could be to use a setup with the following components:
i)

equipment to measure emissivity of the powder bed at multiple spatial locations
and

ii)

then use a single IR thermal camera with the available feedback of the emissivity
values from those instruments
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Figure 7.1 would explain the strategy with some more clarity. The image obtained using the
thermal camera at any given time ‘t’ would have four (could be more or less) different ‘true’
segments based on their emissivity status. In Figure 7.1, region 1 indicates the melt-pool track
formed immediately upon the laser and powder bed interaction. Region 2 and 3 are high
temperature zones affected by the melt-pool temperature. These zones could be solidified bulk
material from last scan or un-melted hot powder receiving melt-pool heat by convection. Region
4 signifies a far field zone consisted of powder that is not within the heat affected zone. Depending
on how the heat propagates from the melt-pool, region 2 and 3 could expand or shrink. The point
is that all these regions would show different emissivity and knowledge of the emissivity of these
regions would be necessary for accurate temperature mapping of the build area. Accurate
temperature mapping of the build area would be helpful in process control, defect correction by
implementing feedback control based on temperature fields and a universal measure of the quality
of a build since temperature is a state property of material.
7.2.4 Removal of Laser Line from MW Pyrometer
The removal of the processing laser of 1070 nm would be necessary for accurate
temperature measurement using the MW pyrometer. For this, a band rejection filter could be used
in front of the SpectroPyrometer lens. The band rejection filter should be so chosen as to reject
the a wavelength of ± 30 nm within 1070 nm to ensure that no laser intensity is detected by the
MW pyrometer.
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Appendix A Data on AA6061 Parameter Development

SLM fabrication of aluminum alloy 6061; Parameter for 10mm(on all side) cubes
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Experiment 6; Date:3/15/17
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Experiment 8; Date:4/11/17; Remelting was done; Parameters repeated from experiment 3
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Experiment 9; Date:4/20/17; Energy densities were kept same
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Experiment 13; Date:6/14/17
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Appendix B Pyrometer Measurements and Calculations
MATLAB® scripts:
--------------------------------------------------START--------------------------------------------------------File name:

import_raw_data_in_series_to_calculate_temp.m

clear variables;
close all;
clc
%% To read all files that match *.dat using importdata function:
dataFiles = dir('*.dat');
numfiles = length(dataFiles);
mydata = cell(1, numfiles);
%% To sort data and calculate the temperature
for k = 1:numfiles
A = importdata (dataFiles(k).name); % Reads all the data row and columnwise from the .dat files
B=A(:,[1 4]); % Selects the column 1 [wavelengths] and column 4
[corrected intensity]
out = B(all(B>=1200,2),:); % excludes all the data below the wavelength
of 1200 nm
B1 = out(:,1); % wavelength vector
B2 = out(:,2); % intensity vector
[p]=polyfit(B1,B2,2); % Fitting a 2nd order polynomial to the data
% to find intensity and
y = [1200:50:1600]; % Calculate intensity values at wavelengths 1200 to
1600 nm
% in intervals of 50 nm
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ysize= length(y);

% At how many points wavelength is sampled

e = [];

% Matrix 'e' will store the intensity values

calculated
% at the selected wavelengths
for i = 1:ysize
e(i) = temp_prediction(p(1),p(2),p(3),y(i)); % This function would
calculate
% the intensity values
% according to the
fitted polynomial

end
e=e';

% vectorizing the data

y=y';

ysize = length(y);
esize = length(e);
T = [];

% This matrix will store the temperature

for i = 1:1:ysize

% Loop to apply Planck's law to the wavelength

and intensity
% pairs to calculate T_12,T_13,....T_(n-1)n
for j = ysize:-1:2
if i~=j
T(i,j)= plancks_law(y(i),y(j),e(i),e(j));
else break
end
end
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end
s = nonzeros(T);
% Tavg (k) = mean2(T);
savg (k) = mean2(s);

% Taking an average value of the calculated temp.

and
% reporting as the concensus temp which I
% believe is not the correct way to do it i.e
% NOT the correct way to find the concensus
% temp
end
% Tavg = Tavg';
savg = savg';
% fileID = fopen('temperature.txt','w');
% fprintf(fileID, 'Calculated Temp\n\n');
%
% fprintf(fileID,'%6.2f %12f\n', savg,Tavg);

----------------------------------------------------------END----------------------------------------------------

File name: plancks_law.m

--------------------------------------------------START---------------------------------------------------------

function T = plancks_law(y1,y2,i1,i2)

c2 = 1.438e7; %second constant

a = 1/y1; %reciprocal of the second wavelength
b = 1/y2; %reciprocal of the first wavelength
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ir = i1/i2;
wr = b/a;

numerator = c2*(b-a);
denominator1 = log(ir);
denominator2 = 5*log(1/wr);

denominator = denominator1 - denominator2;

T = (numerator)/(denominator);

----------------------------------------------------------END---------------------------------------------------File name: temp_prediction.m

--------------------------------------------------START---------------------------------------------------------

function e = temp_prediction(a,b,c,x)

e = a*x^2 + b*x + c;

----------------------------------------------------------END----------------------------------------------------
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